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ABSTRACT
This experiment was an extension of research begun by Alman, Berns,
Snyder, and Larsen with the purpose of developing a large set of data on the
perception of medium (industrial) size color difference. In the current phase
of the research the same experimental procedures were followed.
A total of 50 observers were asked to make pass-fail judgements of
sample pairs in comparison to an anchor pair that was near neutral with a
CIELAB color difference of 1.0 unit. Several pairs of various color differences
were evaluated along 119 vector directions originating from 19 color centers
nominally spaced in CIELAB. There was a total of 32,100 visual observations.
The statistical method of probit analysis was used to determine the color
difference along each vector that was perceptually equal to the anchor pair
under a 6100K daylight simulator. The results of the current phase indicate
that CIELAB color differences in the range from 0.78 to 5.11 are perceptually
equal to the unit color difference of the anchor pair.
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Introduction
People determine color differences in everyday experiences without
concern for the processes involved. A quick check to see if the color matches
in a set of towels or if the wallpaper is the same as the sample piece are
exemplary of everyday decisions. The visual processes for color difference
determination behind these decisions are complicated and not completely
understood. It is often essential to have a psychophysical^ derived metric for
the visual sensation of color difference. A measure of color difference
perception simplifies the industrial production of colored materials and
provides insight into the visual mechanism.
In industry, a metric quantifying the perception of color difference is
indispensable. The comparison of a product shipment with a standard is an
example of the metric's use. Without the measurement of color differences
colorists must rely on visual determinations; these tend to not be repeatable
due to the many influencing factors involved. A color difference metric is
also useful for determining the change of an object over time due to
environmental conditions such as weather, heat or light. A use for this
metric is also found in the practice of shading, in which the nature and
magnitude of adjustment necessary to convert a product with unacceptable
color to an acceptable one is determined. There are many applications for a
color difference metric and also many parameters that must be considered in
the development and use of these metrics.
At this time there is not a color difference metric that is perceptually
uniform throughout a color space. Although many equations and spaces
have been proposed, none have been successful even when confining the
application to specific types of materials or conditions. All color difference
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equations must have some experimental bases from which the equation was
modeled. Differing experimental designs may cause differences in the
resulting color difference equations.
Many of the color difference equations have been based on acceptability
data, data that the observers' criteria may have been affected to some degree by
a particular color industry. The data may even have been collected in
industry by the visual color tolerance workers for a particular product. An
example of acceptability color difference data is the well known Davidson and
Friede data1 from 1953 using dyed wool flannel as the substrate. In this case
the observers were making their decisions with the purchaser of a carpet in
mind. On the other hand, the McDonald data used in the JPC 79 color
difference equation was based on acceptability data of spun polyester sewing
thread2. The data collected, in most instances, may be very good; however
because if its association with a product it is based on an acceptability
judgement. An acceptability color difference ellipsoid would not only be
different is size from a perceptibility ellipsoid at the same color center but
would be of a different shape. Therefore, color difference equations based on
acceptability data may not be perceptually uniform and would have limited
validity due to the acceptability criteria in other industries being entirely
different. Therefore it is necessary to have an experimental basis of
perceptibility data that is universally applicable before a suitable color
difference equation can be obtained.
This thesis is directed toward fulfilling that need and creating a large,
statistically sound perceptibility data set. This thesis is phase II of a three
phase joint research effort between DuPont and RLT. Greg Snyder performed
the first phase which involved the development of the experimental design
and visual observations. Phase U is a greater extension of phase I, and phase
Ill involves the combining of data from the previous phases and
development of an optimum color difference equation for the experimental
data.
The need for research in color differences has been recognized by the
CIE color difference technical committee 1-08. They proposed guidelines for
the research of color difference so that a coordinated effort can be made in
this complex area.3 The guidelines were developed so further research can be
compared and conclusions can be made. These guidelines define specific
colors that experimentation should contain and suggestions are made for the
experimental implementation. Four of the five colors that are recommended
for coordinated research are the means of the four tetrahedra studied by the
OSA Committee on Uniform Color Scales. These are red, yellow, green and
blue, while the fifth is the colorimetric coordinates of D65 and the 10 color
matching functions. The committee also suggested three techniques for use
in the investigation of color differences: visual colorimeters, color-difference
simulators and object colors. The greatest assistance was given in the use of
object colors, suggesting three different experimental plans: visual scaling,
method of constant stimuli and forced choice experiments. Witt4 has been
working on color differences under the CIE recommendations on the green
color center.
The color difference technical committee also listed a number of
parameters that should be investigated or defined experimentally. The
conditions or parameters used in the experimental design of the data base
may confine the color difference equation. Differing experimental parameters
create contrasting equations. These parameters, such as surround, sample
size and separation and duration of observations must be defined, if not
accounted for. If clear relationships can be found they can be incorporated
into the equations. Although there has been much work done on color
differences there is little written in the literature on the parameters of color
difference. The effects of each of the ten parameters are discussed below.
These are sample size, luminance, sample separation, texture, surround,
luminance factor, size of color difference, observer variability, duration of
observation, and monocular or binocular observation.
Sample Size
The sample size or more precisely, the field of view, has been studied
to some extent but not in relation to color differences. Stiles verified the CIE
1931 2 standard observer and proceeded to develop the 10 observer,
ultimately recommended by the CIE.5 The difference found between these
two observational conditions results from the yellow macular pigment in the
fovea. In previous color difference experiments, the sample size parameter
was recorded for each experiment but varied between each one. MacAdam's
experiment used a 2 field while Wyszecki and Fielder's experiment used a 3
by 6 field.6 This difference could be partially responsible for the differences
between those two sets of data.
Luminance
The parameter of luminance is one on which no work has been done
in color difference, but has in color discrimination. It is well known that the
rods are used for scotopic vision and the cones are used for photopic vision.
In most studies rod intrusion is an effect to be avoided. With some of the
previous studies the luminance level may be in question. For example,
Brown and MacAdam's work had a retinal illuminance of the field of 25 to
300 td.7 The rods are known to be active at luminances at least as high as 40-
50 td.8
Sample Separation
The sample separation of a color difference pair has been studied and it
is well known that the separation affects the perceived color difference of the
pair. Quantitative estimates of this are lacking. Judd originally found that
the presence of a conspicuous dividing line interfered with the perception of
color differences, but that it reduced sensitivity to lightness difference much
more than sensitivity to chromatic differences. To compensate for this Judd
introduced separate luminance, ki, and chromaticity, k2, weighting factors
into his color difference formula to adjust their relative importance as sample
separation is varied. When Hunter revised Judd's formula he retained ki as
his proximity factor.9 The Hunter-modified Judd equation is the only color
difference equation that takes this parameter into account. Later Sharpe and
Wyszecki10 confirmed that the sample separation impaired lightness
discrimination more than chromaticness discrimination, with fewer effects
for the suprathreshold color difference evaluations. Boyton, Hayhoe, and
MacLeod11 theorized that a gap is assumed always to make a color difference
harder to see, interfering with the contour sharpening (mach bands) that
works only for luminance differences and juxtaposed fields. It was also
reported that the separation effects disappear almost entirely when
discriminations are of a forced-choice procedure. It is likely that the
separation effect causes some of the conflict in the color difference data.
Texture
The texture of an object is defined by the surface characteristics of the
sample. Various color difference experiments have used different substrates
for their samples. An example of one color difference equation that is based
on one type of texture is the JPC79 equation which is based only on the data of
textiles. Hunter's modified-Judd color difference equation is the only
equation that takes the surface characteristics into account with a gloss
factor.12
Surround
The effect of varying a neutral surround on the perception of a neutral
sample has been well researched. One of the earliest works was by Kaneko5
who observed that a gray background enhances the sensitivity of the observer
to lightness differences of about the same luminance factor as that of the
background. Takasaki5 illustrated this change in color difference with
surround and gave it the name crispening, which is possibly caused by lateral
inhibition of the cone responses. Jameson and Hurvich13 concluded that the
lateral inhibition found present in the neutral value scale is also present in
the opponent responses.
Luminance Factor
The CIE in its guidelines for coordinated color difference research
recommends that the parameter of the luminance factor be studied with
respect to the color difference. If a simple relationship exists between the
luminance and constant color difference then time can be saved by only
studying chromaticities at one luminance factor.
Size of Color Difference
Often it is falsely assumed that there is a linear relationship between
various magnitudes of color difference. Wyszecki has concluded that color-
matching ellipses generally cannot be used to predict the equality of color
differences that are several times a just-noticeable difference.14 There is some
controversy over the use and validity of JND's for color difference. It would
seem that the measurement of JND's would only be measuring the noise of
the visual system, not typical perceptual phenomena. Stevens is one of many
who argue that it is in error to assume that the discriminablity of stimuli is at
all related to the scale of sensation that they evoke.15
It can be seen that the study of industrial or medium size color
differences can be important. A development of a color difference formula
optimized to industrial size color differences can then be directly related to
the size of color difference used most often. However, the relationship
between the various sizes of color difference must be studied in order to
obtain a universal formula over all magnitudes.
Observer Variability
The observer variability in a visual experiment is very large and must
be taken into account before conclusions are drawn from the results.
Wyszecki and Fielder16 found that the variability between observers is only
slightly greater than the variability of a single observer, and much larger than
estimated by the statistical results of their ellipse parameters. A plot showing
the variance from one of their observers is shown in Figure 1. Wyszecki and
Fielder concluded that the functioning of the visual mechanism is affected by
parameters that depend upon time and possibly other events and
circumstances not accounted for in the statistical inferences. Brown17
performed a survey of 12 observers and obtained their large distribution of
color-matching errors about a color center to find their sensitivities for small
color differences. The results he obtained were consistent with other
experimental findings.
0.5
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Figure 1- Results ofWyszecki and Fielder's study of observer
variability.18
Duration of Observation
The longer an observer views an object the greater the possibility that
there will be local adaptation to that object. This temporal change in
discrimination has been demonstrated by Hita, et al18 for a split field situation
and they found one second to be optimal. In many visual experiments care is
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taken to prevent the observer from viewing the field for too long a time
period. The length of this period is different for different experimental
conditions and is usually estimated.
Monocular or Binocular Observation
Up to this point there has been no research written on the variance
between monocular or binocular viewing. An observer is likely to have a
difference between his two eyes: different ratios of his cones, or different
amounts of the lens or macular pigment. It would appear there would be a
difference in the determination of color difference if one or very few
observers are used; however if a large sampling of the population is used the
results should average out. The only exception to increasing the population
to minimize the differences is if there is a texture to the samples being
viewed, the monocular observers may not get the same effect.
The parameters listed above are numerous, many with unknown
effects. Once the relationships are known then the parameters can become
variables for a color difference equation that covers all cases. Historically, a
good deal of work has been done to study a metric of overall color difference
leaving the parameters constant in their experimental basis. The color
difference experiments of Munsell and MacAdam are two of the most
famous; they have served as the basis for many experiments and color
difference equations.
Most of the large number of formulas used in the quantification of
color difference today can be traced back to three psychophysical units.12 One
is the Nickerson Index of Fading which is experimentally based on the
amount of fading resulting from a specified exposure. This scale is founded
on Munsell hue, value, and chroma. Another original measure is the NBS
Unit of Color Difference which originally represented the average maximum
difference acceptable in a series of dye-house commercial matches in 1939.
This is based on the Judd Uniform Chromaticity diagram. The third unit is
the MacAdam Unit which represents the minimum perceptible color
difference as determined by MacAdam in 1942 and 1943. A flow chart of the
historical development of the methods of color difference measurement and
the accompanying dates was reproduced from Hunter's book, The
Measurement of Appearance, 2nd Ed., in Figure 2. From this diagram, the
interrelation of research and the resulting color difference formulas in use
today are shown.
One of the most widely used color difference formulas today is the CIE
recommended 1976 CIELAB, AE*at>. From the diagram in Figure 2 it is easy to
see how the equation developed. It is originally based on the Munsell color
system, which is a uniform color scale based on millions of psychophysical
observations of large color differences under CIE illuminant C, producing
scales of hue, chroma, and value. Adams then took the preliminary Munsell
spacing data and applied the CIE X,Y,Z functions with his opponent-color
theory. He applied the Munsell value function to the chromatic responses,
assuming that the nonlinearity would be the same, before taking the
differences Vx-Vv and Vz-Vy. It was further found that a constant of 0.4 was
needed in the X-Y difference to properly space the Munsell colors. Nickerson
supported
Adams'
work and in 1950 suggested that the Adams color
difference unit be equal to 1/92 the whole value scale. This Euclidian color
difference formula is called ANLAB40. Glasser and Reilly discovered that the
cube root of the tristimulus value of reflectance could be substituted for the
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TABLE 9.1
DATES OF HISTORICAL DEVELOPMENT OF METHODS OF COLOR-
DIFFERENCE MEASUREMENT
Munsell Color
System
(1915,1929.1943)
Adams Chromatic
Value and
Chromatic Valence
Systems (1942. 1943)
Judd Uniform
Chromaticity
Diagram (1935)
MacAdam Rectangular
Uniform Chromaticity
Diagram (1937)
MacAdam Data on
Chromaticity
Sensitivity of
Observer in Ax
and Ay (1942)
Nickerson Index
of Fading (I)
(1936)
BalinkinNickerson
Index (I') (1941)
NickersonStultz
Tolerance Index
11944)
Godlove: Euclidean
Munsell Color
Difference (l4)
(1951)
Gray Scale Visual
Equivalent
ISO (1948)
AATCC (1967)
ASTM (19671
MUNSELL COLOR-DIFFERENCE
SYSTEMS
Judd NBS Unit
of Color
Difference
11939)
Nickerson Formula
for Adams Color
Difference
(1944, 19501
GlasserTroy
Modified Adams
(1952)
JuddHunter
NBS Unit of
Color Difference
(1942)
JuddHunter
Scofield Unit
of Color
Difference
(1943)
\
Hunter Color
Difference Meter
Ria 6(1950)
LL.aL.bL\195B)
L.an. 6.(1966)
Glasser-Reilly
Cube Root
(1958)
CIE 1976
L' a' b' (1976)
CIE V'VW Cube
Root (1964)
CIE 1976
L' u' v' (1976)
JUDD-ADAMS (NBS Unit) SYSTEMS
MacAdam x, y
Ellipses of Uniform
Chromaticity
Sensitivity (19431
Brown and MacAdam
Add a Lightness
Component 11949)
SimonGoodwin
Charts for MacAdam
Color Difference
(1957)
Friele Conversion
Equations Based on
MacAdam Data and
Mueller Theory
(1961)
FrieleMacAdam
Chlckering Color-
Difference Formula
(1967)
MACADAM COLOR-
DIFFERENCE SYSTEMS
Figure 2- The development of current color difference equations
reproduced from Hunter's book
TheMeasurement ofAppearance,
l^}1
Munsell value function without producing significant changes in
measured
magnitudes of color difference. This was added to the
Adams-Nickerson
color difference for a cube-root version. In 1976 the CIE
recommended two
formulas, one being the cube-root version of the ANLAB space called
CIE
1976 L*a*b* (CIELAB) with color difference AE*ab and to be used until
a
substantially better correlation
with visual judgements could be made.
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The other CIE recommended color space, and hence color difference
formula, is the 1976 CIE L*u*v* (CIELUV) color space. This space originated
from the Judd Uniform Chromaticity Diagram, a transform of the CIE 1931
chromaticity diagram based on threshold color difference evaluations,
modified by MacAdam, and adopted as the CIE 1960 UCS diagram.19 The
diagram was then extended to three dimensions with the CIE 1964 U*V*W*
uniform color space, along with it's Euclidian distance measure as the color
difference formula. This space used the cube root of Glasser and Reilly but
not the opponency of CIELAB. From the U*V*W* space, the 1976 CIE L*u*v*
color space was recommended with only slight modifications and the
accompanying color difference, AE*UV. The two color difference formulas
recommended by CIE, AE*ab and AE*UV , are the most widely used but are not
perfect and hence other equations that are being developed and tested.
One of these experimental color difference formulas is JPC79,
developed by McDonald.20 This equation is a modification of the ANLAB
formula. It divides AL*, AC*, and h by a function of the measured L*, C,*
and h of the standard. This type of weighting is asymmetric; a different color
difference will be obtained if the standard and trial are interchanged.
Another color difference equation is the one developed by the Society
of Dyers and Colourists' Colour Measurement Committee. They desired a
formula that allowed for the possibility of different lightness or chroma
weightings for acceptability judgements of different substances. These
weightings were thought to be less than 1. The weightings of the JPC79 (L*,
C*, and h) were changed to ones indicating the lengths of the half-axes of the
ellipsoid defining the unit AE*ab The formula is called CMC(/:c) where /
and c are the tolerances required of a particular application. The acceptability
formula was named CMC(2:1) based on the visual experiments with textile
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samples and the perceptibility formula is named CMC(1:1) and was based on
results using paint samples. It was found that the CMC formula produces
better results than the JPC79 color difference equation in some cases, and
worse in others. Work is continuing on this and other color difference
formulas until one is achieved that will model the visual process accurately.
The newest of the color difference formulas is the BFD(/:c) equation. It
was developed using the combined experimental data of small color
differences including perceptibility and acceptability results.22 This formula is
similar in structure to the CMC(/:c) equation, but includes a term that takes
into account that not all the ellipses point toward the neutral point in
CIELAB space.
The color difference formulas cannot be related to each other for
comparison due to the scales not being linearly related. The color differences
can only be related to the visual data on hand for comparison. Color
difference formulas usually predict some visual data better than others. The
experiments involved have different parameters that would affect the color
difference of a pair of samples and therefore different results have been
obtained. Robertson showed that different experiments produce ellipses
varying in size and direction.23 In Figures 3 and Figure 4 are plots of a
comparison of five studies of discrimination: MacAdam(1942), Wyszecki and
Fielder(1971), Witt and Doring(1955) and Cheung and Rigg(1986). In Figure 3
the gray color center was normalized in each study to an equal area, leaving
the other colors usually unequal. In Figure 4 each color center was
normalized to equal area independently. It is obvious from these plots that
there is great a difference in the results of experiments trying to measure the
same thing. The variance is attributed to the different parameters used in
each experiment causing the variance in the color difference ellipses.
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Figure 3- Comparison of the five studies of discrimination with the gray color normalized in
each experiment.^3
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Figure 4- Comparison of five studies of discrimination with each normalized to equal area
independently.^3
14
The specification of color differences of industrial significance is a
problem of current interest. These color differences are generally larger than
JND's and smaller than Munsell color differences. Neither the
recommended CIELAB nor CIELUV equations are adequate for the uniform
description of color differences of this magnitude. Therefore it becomes
necessary to determine color difference tolerances for each color of interest. A
perceptually uniform color difference space or equivalent color difference
equation would allow the application of one set of color difference tolerances
throughout color space. The current experiment is designed to develop a set
of data for industrial size color differences from which further color
difference research can be performed.
The present project is designed to provide a set of perceptibility data for
moderate sized (industrial) color differences. In this case the moderate size
color difference is defined as a 1.0 AE*aD in a mid gray, the color difference of
the experimental anchor pair. The medium for the experiment was glossy
paint. The sample pairs were prepared with two paint samples juxtaposed,
and placed on a mid-gray panel that formed a 10 degree field of view. The
surround was then defined as mid gray. The observers viewed the samples
with binocular viewing under a constant daylight simulator. The duration of
observation was not held constant, although it was limited by swift
experimental decision and a large number of samples. The observer viewed
214 samples in each of three sessions. Each session lasted from 20 to 45
minutes, therefore the duration of observation for each sample was from 6 to
13 seconds. The probit analysis statistic and 50 observers allows for a
determination of observer variability.
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Review of Phase I
This joint research project between DuPont and RTT was divided into
three phases. The first phase involved the development of the experimental
design and visual observations. Phase II is a greater extension of phase I, and
phase III is the combining of the previous results and development of an
optimum color difference equation for the experimental data. Phase I of this
experiment has already been completed by Greg Snyder, was reported at the
CIE session in Venice24'25 and will be reviewed here. Discussions between
researchers at DuPont headed by Dave Alman, and Greg Snyder and his thesis
adviser Roy Berns lead to the experimental design used in both phase I and
phase II. The research was conducted between the fall of 1985 and the
summer of 1987 in partial fulfillment of the requirements for a masters
degree in Imaging Science.
Nine color centers were investigated. Five of these corresponded to the
color centers recommended by the CIE for coordinated research. The CIE
recommended colors appeared red, blue, green, yellow and gray under
daylight illumination. The four other color centers selected were
intermediate hues at reduced chroma. The nine color centers were uniformly
spaced when projected from a tilted plane in CIELAB space from L*=35 for the
blue to L* =82 for the yellow color center. The CIELAB coordinates under D65
and 2 observer, for the nine color centers selected for study are listed in Table
1. The color centers used in phase I are shown projected on the
a*b* plane in
Figure 5.
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Table 1. The nine color centers used in phase I on the color difference
experiment. The coordinates are in CIELAB space using D65 and 10
observer.
L*. aj; b*.
Yellow 77.2 2.0 36.0
Yellow/Green 64/6 -9.9 13.2
Green 55.0 -27.7 2.0
Blue 34.2 -1.0 -28.0
Purple 45.6 11.4 -12.6
Cyan 49.1 -16.2 -11.5
Red 42.8 34.7 22.8
Orange 61.2 13.2 20.0
Gray 58.2 -0.3 0.8
The experimental design was intended to provide high-precision
industrial size color difference data that would include observer uncertainties
over a large sampling of color space. With the help from statisticians from
DuPont, the statistical method of probit analysis was chosen.26 This method
allows both the determination of a mean tolerance and the uncertainty
associated with that mean. Probit analysis assumes that stimuli will be
presented that vary in a single variable direction and a pass-fail response
given. Probit analysis is used in quantal experiments in which a single
stimulus is incrementally increased in order to determine the effective mean
tolerance, or the point where half the population has a measurable response.
In this experiment, stimuli can be presented that vary in lightness only or
along any linear direction in color space. The experimental design presents
17
Color Centers from Phase I
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Figure 5. A plot of the color centers used in phase I of the color difference experiment
the observers with a range of color difference sample pairs that vary only
along the specified vector direction in color space. The observer would then
make a pass-fail judgement of the sample pairs, either a positive or negative
response to the experimental question. In this case, the question was whether
the color difference of the sample is larger or smaller than the mid-gray
anchor pair containing a 1.0 AE*ab- The sigmoidal frequency of rejection
curve for the population can be modeled by a probability distribution curve.
It was assumed that the population response in the experiment would be
normally distributed and the sigmoidal frequency of rejection curve fit by a
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cumulative normal distribution. Probit analysis will estimate the absolute
magnitude of the color difference at which 50% of the population will accept
or reject the pair relative to the anchor pair. This median point will be
referred to as the 50% color tolerance or the T50. Probit analysis also allows
estimates of confidence intervals on the T50, along with calculation of a chi-
square value as a test of normality.
The probit model is an alternate model to the logistic model suggested
by TC 1-08 for use in object-color suprathreshold experiments. Since CIELAB,
can be considered a first-order approximation to a linear response over small
regions, the experimental data need not be transformed for the logistic model.
The statistical software package SAS includes probit analysis and was easily
available to the experimenters.
The experimental design included five vector directions for which
color difference tolerances could be determined for each of the nine color
centers used for study. The five vector directions about each color center
were: -L*to +L*;
-a*to +a*; -b*to +b*;
-a*-b*to +a*+b*; and -a*+b*to +a*-
b*. Four of the five vectors were in the a*b* plane, only the
-L*to +L* vector
varies only in lightness. There were seven acrylic enamel painted color
difference pairs for each vector. The colors were formulated using four
colorants for each color center, varying only the proportions of each to
eliminate effects of metamerism. The incremental color difference pairs were
constructed using varying start and end places on that vector. Fifty color
normal observers viewed a total of 315 sample pairs in a fixed random order
making pass-fail judgements on each one. The visual data were analyzed
using probit analysis and the T50 considered equal to the anchor pair of 1.0
AE*aD are shown in Figure 6 and Figure 7. Figure 6 shows the 36 unit vectors
corresponding to vector changes in the
a*b* plane and are magnified 5 times.
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Figure 6. An a*b* plot of the equal color difference vector results from phase I (magnified 5
times)
The remaining 9 unit vectors varying in the
L* direction are plotted in a L*C*
diagram in Figure 7 and are magnified 5 times.
The same experimental procedures were followed in this phase of the
project. Ten color centers and four new vector directions were added while
eliminating the two vectors varying in the
a* and b* directions. The new
vector directions vary in all three directions simultaneously. These vectors
were added to the experimental design to provide a better sampling of the
three dimensional space. A fit of a tolerance in a three dimensional form can
therefore be modeled. The experimental design of phase I contained only one
20
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Figure 7. A L*C* plot of the equal color difference vector results for the phase I. (magnified five
times)
vector with variance in the L* direction. The samples consist of painted
metal tiles that were provided according to the experimental design by E. I.
duPont de Nemours, Inc. The color centers have been chosen to be a
representative sampling of color space.
This experiment should provide very useful data for further color
difference research. A great advantage of this data will be the built-in
estimation of observer variability and the systematic sampling of color space.
It will also be useful to have comprehensive visual data for paint since many
of the past experiments have been performed using textile substrates.
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Experimental
Choice of Color Centers and Vector Orientation
After completion of phase I of the color difference experiment, a
discussion took place between the interested parties at E.I duPont de
Nemours, Inc. and RIT concerning the experimental design of phase II. Ten
new color centers were chosen for study placing five at a higher lightness and
five at a lower lightness level than the nine color centers on a tilted plane
used in phase I. The selected color centers appeared white, yellow/orange,
blue/green, light blue, and pink in color for the lighter colors. The darker
colors appeared green blue, violet, brown, maroon and black. The lighter
colors ranged in L* from 59 for the light blue to 83 for the white. The darker
colors ranged from L* value of 14 for the black to 31 for the green-blue The
two levels of color centers had one neutral color placed in the center and four
colors surrounding in a dispersed fashion. It was also desired that each plane
be rotated with respect to the adjacent plane used in phase I. The yellow-
orange color center contained the highest chroma containing a
C* of 80.3. The
new color centers were located on each vector direction approximately at the
CIELAB coordinates in Table 2. These coordinates are shown in Figure 8 and
Figure 9.
It was also decided that the vector orientations that were used in phase
I of the experiment were not a satisfactory sampling of color space. The
experimental design of phase I involved five vectors radiating from each
color center. However, four out of five were varying only with the
a*b*
plane
and just one vector varied in the L* direction at constant hue and chroma, as
was previously described. The lack of interaction inhibited potential
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Table 2. The CIELAB (D65, 1964 observer) coordinates for the ten new color
centers used in phase n in the color difference experiment.
Ll a*. b*.
White 83.0 0.4 0.1
Yellow/Orange 75.0 17.2 78.4
Blue/Green 68.2 -30.2 -5.4
Lt. Blue 59.4 -13.1 -26.1
Pink 67.6 31.2 -0.2
Green Blue 31.3 -32.4 -5.4
Violet 29.8 7.1 -31.0
Brown 28.5 20.8 17.1
Maroon 17.3 24.2 3.4
Black 14.3 -0.2 0.2
modeling in a manner analogous to determining the tilt of a color
discrimination threshold ellipsoid. The new vector orientations for phase II
involved seven vector directions. Three of the vectors were used in phase I
and varied only along the a*, b*, or
L* axis respectively. The new vector
directions varied in all three dimensions, as if they were radiating from the
center to the corners of a box. The vectors and their directions for phase n are
listed below, where letters A through I are used as labels to correspond to
these vectors directions.
A -L*to +L* F -L*-a*-b*to
+L*+a +b*
B -a* to +a* G to +L*-a*+b*
C -b* to +b* H to +L*-a*-b*
I to +L*+a*-b*
Figures 10 and 11 show the vector orientations.
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Lighter Color Centers of Phase II
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Figure 8. A graph of the lighter color centers used in phase II of experiment.
Since the last four vectors were not investigated in the previous
experiment, it was necessary to add these in the second phase. Vectors F, G,
H, and I of the original nine color centers were included in the phase II
experiment. The original nine color centers from phase I lie on a tilted plane
in CIELAB space from L*=35 for blue to L*=82 for yellow. Five of the centers
have been recommended by CIE Technical Committee (TC 1-08) for
coordinated color difference research. The CIE colors appear red, blue, green,
yellow and gray, and the other four were orange, purple, cyan and yellowish-
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Darker Color Centers from Phase II
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Figure 9. A graph of the darker color centers from phase II of experiment.
green. The nine color centers from phase I were evenly distributed when
projected on the a*b* plane. A listing the color centers was given in the
review of phase I in Table 1 and plot was given in Figure 5.
Discussion also took place as to the validity of combining phase I and II
of the experiment into one data set. A repeatability test of one of the color
centers from phase I was also performed. If similar results were obtained
within the uncertainty of the experiment then the two experiments could be
combined. The green color center was repeated. Also, eight vectors from
phase I that didn't fit normal distribution model were repeated.
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Figure 10. A graphical representation of vectors A, B, and C used in phase I & LL
Figure 11. A graphical representation of vectors F, G, H, I used in phase LT.
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Formulation of Samples
DuPont supplied aluminum panels sprayed with an acrylic enamel
coating. The sample colors were formulated so that they would lie along the
predetermined vectors. The sample pairs were produced to sample each
vector through a color center at approximately plus and minus 1/4, 1/2, 1, and
2 CIELAB units from the color center. This was performed for 106 vectors in
total, 70 vectors for the new color centers and 36 new vectors at phase I color
centers. A measurement of each color was performed at Dupont and sent
with the samples to RTT.
Panel Resizing
The sprayed aluminum Panels sent to RIT were 4" x 6" in size and
shaped as shown in Figure 12. There were three panels for each color, with
nine colors on each vector. With 106 new vectors to be studied, there were
2862 panels sent to RIT. Each required recutting into a smaller size. Four
pieces could be cut from a panel using three cuts. The size of the pieces was
2"
x
2^"
and when placed next to each other subtended approximately a
10 field
of view. This was the same size used in phase I of the experiment. It was
important that the edges of the samples were clean and straight and without
chips because they would be placed adjacent to one another. Therefore care
had to be taken in the cutting of the panels given the paint's propensity to
chip and peel. The method of cutting that was found to be most effective was
the use of a bench sheer. The bench sheer used for cutting these samples was
located in the College of Fine and Applied Arts metal shop at RIT. The cuts
made in the panels are shown in Figure 10 by the dashed lines.
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Figure 12. Cutting line used in resizing the sprayed panels
Principal Components Analyses
The colorimetric data for each vector that was supplied from E.I.
duPont de Nemours, Inc. were analyzed using principal components analysis,
a statistical technique used for summarizing data and detecting linear
relationships without the assumption that one variable is without error as in
regression analysis. A statistical software package, SAS, was used on the
VAX/VMS system at RIT. The SAS program used in the principal
component analysis is given in Appendix A. Principal component analysis
will determine the actual orientation of the vectors, how linear the
relationship was, and how close each sample plotted to the vector. If a sample
appeared to deviate significantly from this relationship, then it was noted and
an attempt was made to not use it in the experiment.
Preliminary Observations
Once the samples were all cut to the appropriate size and the principal
components analyses completed, some rough estimates of where the sample
pairs should be constructed were made. The experiment was designed in
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phase I as a method of constant stimuli. This is where a series of samples of
various (constant) AE*ab's are compared to a standard. A forced choice
decision is made whether the sample stimulus is greater or less than the
standard or anchor pair. The anchor pair is a near neutral pair of samples
that have a total color difference of one CIELAB unit. (L*i=49.53, a*i=0.08,
b*i=5.65; L*2=48.89, a*2=0.17, b*2=0.49) The two patches of the anchor pair
were placed on a mid-gray panel. The anchor pair was made for phase I of the
experiment and to maintain consistency, the same anchor pair was used in
phase n.
The samples were made physically similar to the anchor in
presentation. Two color pieces from the same vector were attached to the
mid-gray panel creating a sample with a certain AE*ab along the vector
direction. A diagram of the sample and anchor presentation is shown in
Figure 13.
In order to decide what AE*ab's should be used for each vector in the
experiment, the pieces of sample were placed in front of an observer who
verified at what AE*ab range the pairs appeared similar in color difference to
the anchor pair. These observations were recorded as an aid in preparing the
samples for the pilot experiment.
Preparation of Samples for Pilot Experiment
The choice of colored segments to place together on a mid-gray panel
was determined by centering six sample pairs for each vector over the AE*ab
indicated in the preliminary observations. The color coordinates were based
on Dupont's 45/0 measurements for CIE illuminant D65 and the CIE 10
standard observer. The pairs were chosen to produce a range of
approximately two CIELAB units. The pairs were not chosen from the center
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of the vector to the desired AE*ab but from any starting and ending point on
the vector. This was justified because distortions of the color difference space
are not significant over small areas. The sample pairs were equally chosen
from both sides of the color center.
The pieces were attached to the mid-gray panel using thin, double sided
carpet tape. The pieces chosen for each sample were then placed jointly on
the tape. A number was placed on the back of the panel in black as an
identification for the sample. The samples were then cleaned of any smudges
using a soft cloth. A random ordering of the samples was generated with a
FORTRAN program using a random number generator. The random
number was also written on the back in red and the samples placed in the
random order.
Sample Pair Anchor Pair
Figure 13. Presentation of the sample and anchor pair to observer.
30
Pilot Experiment
A group of 21 observers was obtained from a college sophomore level
class. The average age of the observers was 21. The observations were made
in a Macbeth Spectralight booth under a daylight simulator with a correlated
color temperature of 6250K. This was the same light booth and bulbs as used
in the phase I experiment. Each observer was allowed to adapt to the lighting
conditions for a period of 5 minutes. The Dvorine Isochromatic Plate test for
color blindness was then given to each observer. This was the only qualifying
test since it was desired to have a population with normal color vision.
The observers were then given verbal instructions of their task. Placed
in front of them were the anchor pair, a pass and a fail rack and a rack full of
randomized samples. They were informed that they were to look at each
sample so that the division between the two pieces was going horizontally,
and decide whether the sample had a greater or lesser color difference than
the anchor pair. A greater color difference was to be placed in the fail rack and
a lesser difference in the pass rack. They were informed that it was a
subjective test and there was no right or wrong response, and there were not
necessarily equal numbers of passes and fails. The observers were asked if
they understood the decision they were to make. They then proceeded with
the first rack containing approximately 25 samples. When they finished the
racks were exchanged. They gave the experimenter full pass and fail racks
and the empty sample rack and received a full sample rack and empty pass
and fail racks to start over again. The experimenter remained present at all
times to answer all questions, oversee the correct presentation of samples and
to record the results of the individual as they completed each rack. The
experiment had to be broken up into three sessions for each observer due to
the large number of observations. There were 636 samples in the pilot
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experiment. Each of the three sessions contain 212 samples and lasted
approximately 40 minutes in length. This means the average duration of
observation for each sample was approximately 11 seconds. The three
different sessions were given in different order, both backwards and forwards,
to create a compensation for not re-randomizing between each observer. This
allowed 48 different randomization presentations to the observers.
Sample Measurement
The samples used in the pilot were measured after the experiment. It
had been decided that a whole panel could not be measured as representative
of the four pieces that would come from it. A quick study showed that a
panel varied too much in color from area to area. Therefore, each color was
measured after cutting the panels and making them into sample pairs.
The Milton Roy ColorScan 45/0 spectrophotometer was used for the
measurements. The ColorScan is setup to run through the VAX /VMS
system using software written at RIT. The instrument is a double beam
scanning spectrophotometer which was calibrated using an NBS calibrated
white porcelain tile. A program was written that prompted the user for
measurement of both halves of the samples, columnized the data, and
calculated the required colorimetric data and color difference between the
two. Each color difference pair had a measurement file containing ASCII
data. The tristimulus calculation was preformed using the ASTM weighting
functions27 for lOnm data, illuminant D65 and the CIE 10 standard observer.
A technique to correct the systematic errors in each measurement that was
developed by Robertson28 and modified by Berns and Petersen29 was also
used. An NBS calibrated cyan tile was measured and the systematic errors
calculated from that measurement against the NBS values. Correction
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coefficients were then calculated and used for every measurement. New
correction coefficients were calculated every half hour the instrument was in
use in case there were any changes during its operation.
Analysis of Pilot Experiment
The total frequency of rejection for each sample was tabulated from the
21 observers. Computer files were created for each of the 106 vectors listing
each sample pair's AE*ab, frequency of rejection and the number of
observations. These files were then analyzed using Probit analysis, a
statistical technique that is available in SAS, a software package on the
VAX/VMS system. The SAS program used in the probit analysis is given in
Appendix B and example of the output in Appendix C. Probit analysis, which
was historically developed in the biological sciences, fits a cumulative normal
distribution to the frequency of rejection data for increasing AE*ab allowing
the determination of T50 or 50% tolerance. The technique also gives the
fiducial limits or the uncertainty associated with the visual estimates. Since
there is an assumption of normality, a chi-square test is performed and
fiducial limits are adjusted depending on the goodness of fit. The output data
included the frequency of rejection data, the standard deviation, the fiducial
limits, and the chi-square value. The data were then evaluated visually.
Preparation of Samples for Experiment
The pilot data were scrutinized to see how well the normal distribution
model fit and if the samples were place appropriately to gain the required
information. If a particular sample received 100 percent acceptance or
rejection in the pilot, no information was gained, only perhaps a narrowing
of the range for the final experiment. From these data some samples could
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be eliminated and some needed to be added at different AE*ab values, due to
the necessity of limiting the number of observations. Samples were
eliminated from the experiment that were found to either have full or
scarcely any acceptance or rejection. Samples with 0 or 100 percent rejection
were not used by the probit analysis and samples in the low ends could be
considered noise, while samples placed in the mid range gave greater
information in the most sensitive region of the Gaussian curve. Samples
were then added and uniformly distributed within the range of AE*ab's that
showed a 20 to 80 percent probability of rejection. Figure 14 shows an
example of the results of the pilot experiment for one vector and the desired
region for placement of samples. Because of the enormous number of
samples and observers involved in this experiment, the number of samples
per vector was limited to five or six depending on the fit of the model in the
pilot experiment. New samples were made to fit in this range between
already existing samples from the pilot. This was accomplished by measuring
100
%
0%
AE"^ DE sample
range
Figure 14. An example of pilot experiment results and desired region for development of
samples.
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raw tiles in a vector, and if they contained a desired AE*ab then they were
made into a sample. It was often not possible to create all desired AE*ab's due
to the limited number of sample combinations. The new samples were
measured using the same technique that was used on the pilot samples. The
five original vectors of the phase I green color center were included in the
experiment as a study of experimental repeatability. Also the eight vectors
that were considered a bad fit from the first phase were repeated. All the
samples were then renumbered with identification numbers. The computer
files of spectral and colorimetric data were named to give the color center,
vector, sample in vector and identification number. A random order was
then generated using the same program from the pilot experiment. The
samples were labeled with the random order in red marker and then placed
in that randomized order. The samples were once again cleaned with a soft
cloth before presentation to the observers.
Psychophysical Experiment
The total number of samples used in the experiment was 642. This
again was a large number and had to be separated into three sessions for the
observers. The fifty observers saw 214 samples in each of three sittings that
lasted an average of 40 minutes. The average duration of observation was
then 11 second per sample pair. The observer population had an average age
of 28.5 years with a standard deviation of 7.7 years. The majority of the
population was made up of graduate students, professors and secretaries.
Only a couple of the subjects were experienced in color difference
observations. It was attempted to have a representative sampling of the
population, however, being within a college campus limited this attempt to a
fair representation of age. The lengthy observation period was necessary to
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keep the number of sessions to three, and guarantee fifty observers could be
obtained.
The order in which the observers saw these sections was randomized
as was previously done in the pilot experiment, giving 48 different
presentations. The observers came in on three different days. They were
required to adapt to the lighting conditions for 5 minutes, information was
taken as to their name, age and sex, during this period of adaptation. A
Divorne Isochromatic Plate Test was given to each observer as a quick test of
color blindness. Again this test was the only method of exclusion. No
observers had to be rejected because of color blindness. Verbal instructions
were again given due to the success of the interactive instruction in the pilot,
but were more structured in the information. The same setup was placed in
front of the observers. They were then asked to view each sample and anchor
pair so the divisions were going horizontal and they were not seeing any
specular reflection (gloss). They were then told to look at the color difference
in the sample and decide whether the sample had a greater or lesser color
difference than the anchor pair. Both the sample and anchor pair were
pointed at during the instruction. They were then instructed that if the
sample had a greater color difference than the anchor it was to be placed in
the fail category, and if the difference was less it was to be placed in the pass
category. It was explained that there were not equal number of pass and fails
and that it was
"O.K." if they fill up one rack and not another. The
experimenter inquired if the observer understood the task which they were to
perform and they were told to begin. The same exchange of racks took place
during the experiment as in the pilot. The experimenter remained present to
record the results and to oversee the correct completion of the experiment.
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The observers were allowed to listen to music of their choice or talk freely if
they chose to.
A few trends were seen in the observations. The observers were not
consistent in their perception of the anchor pair. Some commented that they
perceived either a huge difference or no difference in the anchor pair. Also
comments were heard that the perception of the anchor pair varied with time
in the experiment, perhaps due to local adaptation. The observers were not
biasing themselves to an equal pass-fail rate. They ranged from failing 25 to 79
percent of the samples. This assured that the T50 results were not determined
by the range of AE*ab's on a vector, but the observers perception.
Unfortunately, during the middle of the experiment one of the
tungsten blubs used in the filtered simulated daylight of the Macbeth
spectralight booth burnt out. A replacement blub was found and the
experiment continued. The source's spectral power distribution and
correlated color temperature were measured and calculated on a Photo
Research PR710 spectroradiometer and are shown in Figure 14. The
correlated color temperature was measured at 6117K.
Analyses
The population frequency of rejection for each sample was tallied in
order to perform a probit analysis. As explained earlier the probit analysis
will fit a cumulative normal distribution to the frequency of rejection data.
Since the assumption of normality is used, the chi-square value is
determined for the goodness of fit. From the frequency of rejection curve the
median effective stimulus can be found at the AE*ab where fifty percent
rejection-acceptance would take place. The analyses also determined the
uncertainty in the visual observations via standard deviations and fiducial
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Spectral Power Distribution of Macbeth SpectraLight Booth
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Figure 15 Spectral power distribution of the Macbeth SpectraLight Booth used in the visual
observations
limits. The median effective stimulus, or T50, is the AE*ab which is found to
be perceptually equal to the anchor pair, a 1.0 AE*ab in the mid-gray region of
CIELAB. The probit analysis was used on all the 119 vectors' frequency of
rejection and AE*ab data to find the median effective stimuli. The T50 probit
results could not be plotted because any plot of the three dimensional vectors
in two dimensional space will distort and overlap the vectors.
Principle components analyses was performed on the samples of each
vector. The same program that was used previously was used and is given in
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Appendix B. Principal components analysis is a multivariate technique that
can find the linearity of data without assuming one axis has no error. These
analyses determined the actual orientation of each vector from the CIELAB
values of the samples. The orientation is defined by the first eigenvector,
which is a unit vector. The eigenvalue indicates the proportion of the
variance in the data that can be explained by unidimensional variation along
the eigenvector. The position of each sample in reference to the vector is also
given by this analysis. The CIELAB coordinates for each color patch used in
each vector's sample pairs were used in performing the principal component
analyses. Therefore if a color was used twice in a vector's sample pairs then
it's CIELAB coordinates were used twice, weighting that point. The color
center was determined through measurement of samples that were prepared
as the color center of that vector. The actual color center panel may not have
been used in a few cases and therefore not used in the principal components
analyses. Use of the color center measurement over the mean of the samples
used does not change the eigenvectors or eigenvalues only the placement of
the vector. The minor shift in the first eigenvector would not change the
color difference result. CIELAB space is a first approximation to a uniform
space and color differences would remain consistent over small differences in
CIELAB. The orientation of the vector determined from these analyses were
positioned at the CIELAB measurement of the color center for that vector.
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Results
The following pages contain the results from the visual experiment
(phase II) and comparisons with phase I. Table 3 contains the physical
information on each vector used in the experiment, including the color
center and the first eigenvector defining the vector's orientation. Table 4
presents the summary of results from the probit analysis. For each of the 106
new vectors, their determined T50, standard deviation, chi-square and
corresponding rejection probabilities. The T50 values are displayed in a
histogram showing the spread of the values in Figure 16. Table 5 and Table 6
give the comparison data between phase II and phase I for the repeated green
and repeated bad-fit vectors, respectively. Tables 7 and Table 8 give the results
for t-tests that were performed on the T50's, log of the chi-squares and log of
the standard deviations between phase II and phase I for the repeated green
vectors, the repeated bad-fit vectors and all the vectors from both
experiments.
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Table 3. Summary of the vectors used in phase II, their measured color
centers, the eigenvectors first component, and the the eigenvalue
first component, determined using principal components analysis.
The eigenvector and value give the exact orientation of the vector
and the proportion of data described by that first eigenvector.
Vector Color Center Co'ordinates First Eigenvector Eigenvalue
L* *
a
b* L* *
a
b*
Blue/ A 68.77 -30.78 -5.01 0.9955 -0.0928 -0.0201 0.9836
Green B 68.59 -30.89 -5.18 0.0202 0.9989 -0.0423 0.9982
C 68.40 -30.89 -5.07 -0.0495 0.4649 0.8840 0.9944
F 68.42 -30.65 -5.26 0.5477 0.6785 0.4896 0.9954
G 69.00 -30.75 -4.85 0.6139 -0.4512 0.6478 0.9881
H 68.70 -30.57 -4.91 -0.4912 0.7483 0.4459 0.9957
I 68.96 -30.64 -4.91 0.5444 0.3149 -0.7775 0.9872
Lt. Blue A 59.95 -13.71 -25.84 0.9904 0.1284 -0.0510 0.9716
B 59.29 -13.79 -26.98 -0.1523 0.9686 0.1965 0.9948
C 59.99 -13.09 -25.82 -0.1704 0.2435 0.9548 0.9851
F 59.51 -13.54 -25.82 0.5886 0.6875 0.4254 0.9752
G 60.21 -13.24 -25.56 0.4904 -0.4779 0.7288 0.9913
H 60.54 -13.24 -25.56 -0.6719 0.5917 0.4455 0.9738
I 59.84 -13.47 -25.70 0.5131 0.4949 -0.7013 0.9898
Pink A 58.42 31.06 -0.16 0.9654 0.0200 0.2601 0.9951
B 58.13 31.59 -0.39 -0.0082 0.9990 0.0438 0.9973
C 58.06 31.69 -0.22 -0.1778 0.2933 0.9393 0.9914
F 58.18 31.35 -0.35 0.5349 0.6275 0.5658 0.9924
G 57.58 32.00 0.28 0.6708 -0.4354 0.6004 0.9823
H 58.14 31.60 -0.23 -0.7004 0.5548 0.4491 0.9863
I 58.25 31.27 -0.21 0.7172 0.5124 -0.4723 0.9561
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Table 3. (Con't)
Vector Color CZenter Ccordinate?> First Eigenvector Eigenvalue
L* *
a
b* L* *
a
b*
White A 83.38 0.06 0.13 0.9848 -0.1562 0.0754 0.9953
B 84.67 -0.04 0.72 -0.0307 0.9976 -0.0605 0.9861
C 82.69 1.24 0.66 0.3031 -0.4747 0.8263 0.9804
F 83.89 -0.35 -0.24 0.5574 0.6289 0.5421 0.9701
G 83.92 1.02 0.00 0.5238 -0.6312 0.5720 0.9948
H 83.43 0.96 0.16 -0.4913 0.8064 0.3292 0.9978
I 82.39 -0.74 0.07 0.8655 0.0793 -0.4946 0.9969
Yellow/ A 75.90 18.00 79.70 0.9686 0.2449 -0.0438 0.9458
Orange B 76.11 18.21 79.89 -0.0694 0.9965 -0.0461 0.9732
C 76.19 18.09 79.85 0.0122 -0.0449 0.9989 0.9965
F 76.17 18.26 80.01 0.4285 0.7627 0.4845 0.9902
G 76.10 18.35 79.81 0.5788 -0.4374 0.6883 0.9716
H 75.84 18.44 80.11 -0.5925 0.5324 0.6046 0.9876
I 76.09 18.23 79.89 0.3707 0.7280 -0.5767 0.9753
Black A 14.55 -0.62 0.40 0.9983 0.0546 -0.0207 0.9902
B 14.07 -0.14 0.48 0.2516 0.9539 -0.1637 0.9721
C 13.89 -0.16 0.74 0.3533 -0.3149 0.8809 0.9828
F 14.00 -0.50 0.52 0.8303 0.4175 0.3692 0.9939
G 14.42 -0.45 0.44 0.5314 -0.5987 0.5993 0.9887
H 14.34 -0.34 0.08 -0.6981 0.5585 0.4481 0.9671
I 13.71 -0.96 0.29 0.4924 0.7799 -0.3865 0.9835
Brown A 28.89 21.19 17.64 0.9938 0.0245 0.1083 0.9888
B 28.84 20.83 17.65 0.0247 0.9958 0.0888 0.9848
C 28.92 21.10 17.80 0.0225 -0.0674 0.9975 0.9728
F 28.73 21.12 17.68 0.5923 0.5260 0.6104 0.9902
G 29.17 21.25 17.98 0.5798 -0.6009 0.5503 0.9920
H 29.01 21.28 17.89 -0.6586 0.5644 0.4977 0.9859
I 28.69 21.08 17.99 0.6247 0.6587 -0.4194 0.9838
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Table 3. (Con't)
Vector Color (Center Coordinates First Eigenvector Eigenvalue
L* *
a
b* L* *
a
b*
Green/ A 32.26 -33.20 -5.07 0.9461 0.3232 0.0190 0.9740
Blue B 31.59 -33.43 -4.95 -0.0526 0.9923 -0.1125 0.9974
C 31.60 -33.50 -5.02 0.0036 0.4523 0.8919 0.9883
F 31.54 -33.57 -5.13 0.3358 0.8906 0.3068 0.9967
G 31.31 -34.00 -5.02 0.6004 -0.4032 0.6906 0.9788
H 31.39 -34.11 -4.88 -0.5189 0.7806 0.3483 0.9781
I 31.80 -34.13 -4.88 0.4890 0.6667 -0.5624 0.9911
Maroon A 18.24 25.93 3.26 0.9828 0.1673 -0.0786 0.9899
B 17.33 25.07 3.29 -0.5130 0.8574 0.0418 0.9918
C 16.99 25.03 3.83 0.1086 0.0839 0.9906 0.9843
F 18.13 26.02 3.59 0.6150 0.5889 0.5244 0.9890
G 18.10 25.77 3.35 0.6922 -0.4642 0.5526 0.9872
H 16.21 24.30 3.16 0.0158 0.7858 0.6183 0.9959
I 16.50 24.54 3.38 0.4477 0.6015 -0.6617 0.9869
Violet A 30.13 6.62 -30.84 0.9975 -0.0089 0.0707 0.9955
B 30.40 7.23 -31.66 -0.0612 0.9736 -0.2198 0.9952
C 30.13 6.61 -30.75 -0.1142 0.2538 0.9605 0.9641
F 30.24 6.87 -31.58 0.3977 0.8481 0.3501 0.9855
G 30.38 6.88 -31.37 0.5784 -0.5319 0.6185 0.9948
H 29.93 6.79 -30.81 -0.5975 0.7898 0.1385 0.9854
I 30.09 6.78 -31.01 0.5647 0.5771 -0.5899 0.9896
Blue F 34.72 -1.35 -28.24 0.2980 0.79189 0.5330 0.9697
G 36.22 -1.74 -28.30 0.6831 -0.4501 0.5751 0.9887
H 34.77 -1.24 -27.99 -0.5951 0.6286 0.5008 0.9901
I 33.18 -1.09 -28.10 0.4333 0.6535 -0.6206 0.9961
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Table 3. (Con't)
Vector
Cyan
Green
Gray
Orange
Purple
Red
Color Center Coordinates First Eigenvector Eigenvalue
L* *
a
b* L* *
a
b*
F 49.96 -16.69 -11.38 0.4657 0.7523 0.4660 0.9941
G 49.89 -16.55 -11.36 0.6643 -0.4009 0.6309 0.9923
H 49.83 -16.43 -11.20 -0.6046 0.6725 0.4268 0.9985
I 48.99 -16.80 -11.39 0.8007 0.4130 -0.4339 0.9989
F 55.66 -28.28 2.23 0.5431 0.6871 0.4826 0.9951
G 55.60 -28.21 2.29 0.6149 -0.4735 0.6306 0.9950
H 55.44 -28.09 2.22 -0.5848 0.7116 0.3893 0.9922
I 55.53 -28.15 2.28 0.5747 0.5950 -0.5619 0.9927
F 58.99 -0.53 0.81 0.7326 0.4168 0.5380 0.9946
G 59.09 -0.45 0.90 0.6825 -0.4297 0.5913 0.9964
H 58.62 -0.49 0.91 -0.6163 0.4515 0.6453 0.9728
I 58.85 -0.54 0.76 0.6711 0.4136 -0.6153 0.9896
F 63.03 12.80 20.09 0.5279 0.5945 0.6065 0.9966
G 60.50 13.66 21.20 0.7228 -0.5625 0.4014 0.9947
H 61.26 13.20 20.82 -0.6812 0.5511 0.4819 0.9948
I 63.06 12.46 19.13 0.6175 0.5529 -0.5595 0.9878
F 46.37 11.52 -12.74 0.4949 0.7251 0.4789 0.9264
G 46.50 11.45 -12.65 0.5324 -0.5429 0.6495 0.9839
H 46.11 11.55 -12.72 -0.5811 0.7047 0.4071 0.9971
I 46.18 1.43 -12.72 0.6926 0.5041 -0.5160 0.9909
F 43.11 35.49 22.27 0.5505 0.5733 0.6069 0.9902
G 43.99 34.57 23.34 0.4808 -0.5738 0.6631 0.9874
H 43.35 35.28 22.09 -0.5128 0.5861 0.6273 0.9957
I 42.93 35.16 23.56 -0.4557 -0.3297 0.8268 0.9767
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Table 3. (Con't)
Vector Color CCenter Coordinates First Eigenvector Eigenvalue
L* *
a
b* L*
a
b*
Yellow F 77.87 1.62 36.29 0.5320 0.5933 0.6042 0.9971
G 77.82 1.99 36.30 0.6057 -0.4412 0.6622 0.9891
H 77.74 2.04 36.14 -0.5585 0.6589 0.5038 0.9827
I 77.99 1.78 36.31 0.5654 0.6381 -0.5227 0.9597
Yellow/ F 65.19 -10.19 13.42 0.6542 0.5620 0.5062 0.9859
Green G 65.21 -10.10 13.36 0.6001 -0.5257 0.6030 0.9974
H 65.23 -10.17 13.66 -0.5453 0.6131 0.5716 0.9912
I 65.16 -10.20 13.34 0.6332 0.5004 -0.5905 0.9912
Blue D 35.92 -1.62 -28.36 -0.0033 0.6908 0.7230 0.9953
Blue E 36.29 -1.66 -28.44 -0.0274 -0.3556 0.9342 0.9980
Cyan A 50.74 -16.30 -11.73 0.9984 0.0459 -0.0343 0.9971
Cyan D 50.77 -16.28 -11.63 0.0390 0.8055 0.5913 0.9932
Gray B 59.97 -0.93 1.28 -0.0904 0.9950 -0.0432 0.9938
Orange C 63.93 12.25 20.64 0.0560 0.1369 0.9890 0.9967
Purple C 46.44 12.61 -13.15 0.0333 0.0794 0.9963 0.9975
Red C 41.56 35.85 21.71 -0.0238 0.0083 0.9997 0.9930
Green A 55.63 -27.37 2.06 0.9977 0.0663 0.0148 0.9789
B 55.47 -27.47 2.10 0.0228 0.9978 -0.0630 0.9968
C 55.90 -27.43 1.98 -0.0140 0.2616 0.9651 0.9882
D 55.64 -27.62 1.97 0.0328 0.8374 0.5456 0.9968
E 55.61 -27.33 2.15 0.0643 -0.6792 0.7312 0.9958
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Table 4- Summary of Results from Probit Analysis of Phase II, containing the
T50 tolerance, standard deviation, and the chi-square and probability to
test goodness of fit to a normal distribution. A probability of larger
than 0.0010 (a=0.10) indicates a acceptable fit to the normal distribution.
Color Center Vector T50 Std. Dev. Chi-Square Probabilitv
Blue/Green A 1.20 1.18 30.3 0.0001
B 2.38 0.95 2.8 0.4125
C 1.79 0.61 2.5 0.4644
F 1.29 0.46 6.9 0.1397
G 1.69 0.38 12.5 0.0057
H 1.71 1.22 26.6 0.0001
I 1.47 0.43 11.9 0.0077
Lt. Blue A 1.23 1.08 31.5 0.0001
B 1.47 1.64 16.8 0.0008
C 2.05 0.87 2.5 0.4669
F 1.01 0.59 46.2 0.0001
G 1.62 0.73 9.2 0.0270
H 1.38 0.43 18.6 0.0010
I 2.07 0.80 23.3 0.0001
Pink A 1.33 0.55 12.9 0.0119
B 2.41 0.89 13.9 0.0076
C 1.96 0.79 1.3 0.7314
F 1.70 1.04 21.3 0.0001
G 1.55 0.68 43.6 0.0001
H 1.59 0.50 7.1 0.1330
I 1.73 0.65 11.3 0.0100
White A 1.26 0.88 9.1 0.0577
B 0.99 0.67 2.7 0.4285
C 1.80 0.65 3.9 0.4189
F 1.24 0.62 9.1 0.0587
G 1.37 0.72 0.8 0.8470
H 1.02 0.33 3.9 0.2692
I 1.56 0.75 2.2 0.5260
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Table 4.- con't
Color Center Vector T50 Std. Dev. Chi-Square Probabilitv
Yellow /Orange A 0.66 5.23 8.9 0.0618
B 1.80 1.00 10.1 0.0179
C 5.11 1.77 4.1 0.3964
F 1.97 1.30 7.2 0.1209
G 2.15 1.33 37.4 0.0001
H 1.69 1.20 4.6 0.2062
I 2.02 0.90 14.7 0.0021
Black A 1.21 0.69 16.3 0.0009
B 0.78 0.38 5.6 0.1323
C 1.30 0.76 5.9 0.2076
F 1.08 0.68 17.6 0.0005
G 1.05 0.48 3.7 0.2914
H 1.02 0.58 14.1 0.0068
I 0.95 0.46 7.8 0.0497
Brown A 0.99 1.06 25.3 0.0001
B 1.16 0.60 7.8 0.1005
C 1.55 0.49 3.9 0.2693
F 1.06 1.22 27.2 0.0001
G 0.93 0.35 20.7 0.0004
H 1.39 0.66 16.0 0.0011
I 0.91 0.39 1.8 0.6061
Green/Blue A 0.97 0.70 16.4 0.0010
B 3.07 1.76 11.2 0.0108
C 1.42 0.72 4.1 0.3922
F 2.20 0.96 6.5 0.0892
G 1.36 0.41 9.5 0.0495
H 1.43 1.28 46.3 0.0001
I 1.19 0.92 25.9 0.0001
47
Table 4.- con't
Color Center
Maroon
Vector
A
T50
1.02
Std. Dev.
0.95
Chi-Square
24.4
Probabilitv
0.0001
B 1.70 0.59 6.3 0.0959
C 1.69 0.72 5.2 0.1529
F 1.45 0.58 19.4 0.0001
G 1.65 0.85 15.2 0.0043
H 1.81 0.65 2.0 0.7195
I 1.30 0.58 9.0 0.0292
Violet A 1.01 0.56 2.8 0.5855
B 1.40 0.77 6.7 0.0796
C 1.17 0.47 10.7 0.0134
F 0.93 0.62 19.8 0.0005
G 1.69 0.71 16.2 0.0010
H 1.05 0.58 22.6 0.0001
I 1.27 3.70 15.5 0.0037
Blue F 1.00 0.47 5.1 0.1640
G 1.13 1.36 29.3 0.0001
H 0.87 0.44 12.8 0.0050
I 1.73 0.44 6.3 0.0956
Cyan F 1.19 0.46 12.3 0.0062
G 1.00 0.36 9.8 0.0198
H 1.20 0.57 26.5 0.0001
I 0.87 0.52 31.9 0.0010
3reen F 1.28 0.45 6.1 0.1029
G 1.47 0.36 22.0 0.0002
H 1.29 0.62 12.0 0.0171
I 1.15 0.36 7.5 0.0566
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Table 4.- Con't
Color Center Vector T50
Gray F 1.01
G 1.03
H 0.87
I 0.94
Orange F 1.46
G 1.09
H 1.17
I 1.02
Purple F 1.06
G 1.40
H 1.02
I 1.38
Red F 1.65
G 0.40
H 1.57
I 1.17
Yellow F 1.45
G 1.40
H 1.27
I 1.16
Yellow/Green F 0.80
G 1.32
H 1.07
I 1.01
Std. Dev. Chi-Square Probability
0.36 13.0 0.0112
0.33 10.4 0.0333
0.21 7.3 0.0613
0.33 17.7 0.0005
0.0878
0.0748
0.0639
0.1081
0.0578
0.0648
0.0949
0.0275
0.0001
0.0003
0.0001
0.1535
0.6187
0.5826
0.0454
0.0018
0.0001
0.0701
0.0011
0.0006
0.56 8.1
0.34 6.9
0.45 7.2
0.43 6.0
0.44 7.4
0.58 7.2
0.47 6.3
1.23 10.9
0.85 37.0
5.24 18.8
0.43 29.4
0.51 6.6
0.54 1.7
0.61 2.8
0.45 8.0
0.37 15.0
1.49 50.0
1.06 7.0
0.44 18.2
0.33 19.5
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Table 4.- Con't
Color Center Vector T50 Std, Dev, Chi-Square Probability
Blue D 0.99 0.48 4.9 0.1778
Blue E 3.27 1.10 11.8 0.0078
Cy^ A 1.02 0.56 19.0 0.0003
Cy^ D 1.56 0.56 8.6 0.0339
Gray B 0.88 0.34 0.5 0.8998
Orange C 1.61 0.54 2.2 0.5150
Purple C 1.71 0.57 9.2 0.0559
Red C 1.70 0.52 2.1 0.5379
Green A 1.03 0.57 2.8 0.4240
B 2.59 0.98 0.1 0.9901
C 1.23 0.47 1.5 0.6791
D 1.78 0.78 5.5 0.0640
E 1.82 0.80 3.6 0.4585
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Figure 16- Histogram showing the distribution of the experimental T50
values from the probit analysis of each vector. The average T50 was
1.39 AE*ab.
Histogram of T50 Values for Each Vector
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Table 5. - Probit Analysis Results of Green Color Center, T50, standard
deviation, and Chi-square are given for phase I and II, and the
difference (phase n - phase I)
Phase II Phase I
Vector T50 X2- T50 S. x2- AT50 As Ax2-
A 1.03 0.57 2.8 0.95 0.31 4.8 0.08 0.26 -2.0
B 2.59 0.98 0.1 2.19 0.44 5.1 0.40 0.54 -5.0
C 1.23 0.47 1.5 1.30 0.37 4.5 -0.07 0.10 -3.0
D 1.78 0.78 5.5 1.66 0.34 3.7 0.12 0.44 1.8
E 1.82 0.80 3.6 1.77 0.40 1.2 0.05 0.40 2.4
Table 6.- Probit analysis results of repeated vectors from phase I with large
chi-square values. The T50, standard deviation, and chisquare are
given for phase I and n, and the difference (phase II - phase I).
Phase II Phase I
Color Vector T50 a X2 T50 a X2 AT50 Ao AX2
Blue D 0.99 0.48 4.9 1.12 0.38 13.9 -0.13 0.10 -9.0
E 3.27 1.10 11.8 2.81 0.78 12.2 0.46 0.32 -0.04
Cyan A 1.02 0.56 19.0 0.80 0.35 12.0 0.22 0.21 7.0
D 1.56 0.56 8.6 1.79 0.59 10.8 -0.23 -0.03 -2.2
Grey B 0.88 0.34 0.5 0.89 0.31 23.3 -0.01 0.03 -22.8
Orange C 1.61 0.54 2.2 1.46 0.39 8.6 0.15 0.15 -6.4
Purple C 1.71 0.57 9.2 1.40 0.27 10.9 0.31 0.30 -1.7
Red C 1.70 0.52 2.1 1.55 0.52 11.5 0.15 0.00 -9.4
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Table 7. Results of T test between the green color center from phase I and
phase II for the T50, log of chi-square and log of standard deviation
(s.d.).
T50 Log(chi-square) Log(s.d)
mean s.d. prob. mean s.d. orob. mean s.d. prob.
phase I 1.57 0.47 1.24 0.60 -1.00 0.14
0.75 0.32 0.00
phase II 1.69 0.69 0.42 1.60 -0.36 0.29
Table 8. Results of T test between the repeated vectors from phase I and phase
II for the T50, log of chi-square and log of standard deviation (s.d.).
T50 Log(chi-square) Log(s.d)
mean s.d. prob. mean s.d. prob. mean s.d. prob.
phase I 1.48 0.63 2.52 0.29 -0.59 0.32
0.75 0.04 0.13
phase II 1.60 0.76 1.53 1.19 -0.86 0.36
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Discussion
The final experiment contained 642 color difference samples for 119
vectors. Principal Component analyses were performed on the CIELAB
(illuminant D65, 1964 observer) coordinates for each of the vectors to
determine their orientation. An example of the principal components output
is given in Appendix D. A summary of the results of these analyses showing
the orientation, or eigenvector, of the first component and the eigenvalues,
the percent variance represented by that component, is given in Table 4 and a
more complete version in Appendix E. The eigenvalues were excellent, on
the order of 0.98 and 0.99.
The probit analyses gave results for the T50 or the AE*ab perceptually
equal to the difference in the anchor pair, the standard deviation of these
results, and the chi-square value. The chi-square value indicates the
goodness of fit of each vector to the cumulative normal distribution. An
example of a SAS probit analysis output is given in the Appendix E. The
output contains a plot of regression for the probit and AE*ab's of the samples.
Probits are z-scores with an added value of five. A plot of the probability of
rejection sigmoidal curve is included along with the fiducial limits for the
probabilities. The first page of the probit analysis output gives a summary of
the results of the probit analysis and the last the frequency of rejection values.
The summary of the results are presented in Table 3, along with a histogram
of the results in Figure 16, for each of the new vectors. T50's ranged from 0.40
to 5.11 with an average of 1.39 and a standard deviation of 0.55. The range of
results was very large. There were two vectors which contained T50's beyond
the three sigma variance in color difference: Yellow/Orange C and
Green/Blue B. They contained T50's of 5.11 and 3.07 respectively. In both of
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these cases, as was the trend with the whole data set, the vectors with the
greatest T50 were those varying in the
C* direction.
The chi-square values for the fit of a cumulative normal distribution
ranged from 0.8 to 50.0. In approximately 75% of the cases the values were
greater than the value at which there was 90% confidence, generally 6.25 and
7.78, taking into account the degrees of freedom of each vector. These
surprisingly large chi-square values indicated that the experimental data is
not fitting the model of a cumulative normal distribution, either due to noisy
data, poor sampling or an inappropriate model. Examining the probability of
rejection plots shows the magnitude of this lack-of-fit. The vectors were
fitting the model much worse in phase II, compared to phase I where only
18% of the vectors contained lack of fit. The sampling in phase II placed the
responses on the most sensitive area, the slope of the sigmoid curve, as
indicated by the pilot experiment. Frequently within a vector there would be
a non-monotonic rejection frequency of the samples. An example of this is
shown in Appendix E. The B and C vector directions (a* and b* variance,
respectively) showed a significantly lower percentage of lack of fits to the
model. On the vectors for which the chi-square values were large, the
fiducial limits were multiplied by a T value corresponding to the degrees of
freedom, instead of the infinite degrees of freedom assumed when the fit of
the normal distribution was good. In most cases fiducial limits were not even
given for the T50 probability because of the large limits.
The standard deviations of the cumulative normal distribution fit in
the probit analyses were found to be large in most cases, and appeared larger
then those found in phase I. The standard deviations ranged from 0.33 to an
outlying value of 5.24. The average
standard deviation was 0.81 and the
median value was 0.61. These standard deviations were quite large when
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considered in relation to the T50 values. The median standard deviation was
45% of the T50 values. These large standard deviations showed a population
with large variability.
A repeatability test was built into the experiment of phase II to be able
to compare, and if proven similar, combine the data with the results of phase
I. The experiment contained eight vectors repeated from phase I due to their
lack of fit to the cumulative normal distribution. These vectors were
repeated in phase II along with the vectors for the green color center. The
green vectors, A, B, C, D and E, were given as a test of repeatability. The
results of both phase I and II for the repeated vectors are given in Table 5 and
Table 6. The samples from the repeated vectors were not all used in phase II;
some were removed to lessen the sample number. The tables show that there
was little change in the population's determination of the T50 values for the
five green vectors from phase I to phase II. The population in phase II
showed larger variability and larger standard deviation in most repeated
vectors. The chi-square value were also smaller in phase II, indicating the
population was fitting to the model in this instance.
To test if the two populations from the two experiments produced the
same results separately on green repeated vectors and the bad-fit repeated
vectors, a T-test was performed, with an alpha equal to 0.10, on each of the
following components: T50, the log of chi-square, and the log of the standard
deviation for the two populations. The transform to the log values was used
to unskew the distribution, since the standard deviation and chi-square were
bounded by zero. This allowed the T-test's assumption of normality to be
more closely followed. The results from
the T-tests are found in Table 7 and
Table 8 for the green repeated and the bad-fit repeated vectors respectively.
Both sets of data showed that the T50 values were similar with a 75%
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probability. This is statistical verification that the T50 values are the same for
phase I and II repeated vectors. This was an indication that the two
experimental data sets could be combined.
The results of the T-test on the log chi-square and the log standard
deviation value differed in the result for the two data sets. The standard
deviation on the green vectors were dissimilar with phase II showing greater
variance, while the chi-square values were similar with a 32% probability.
For repeated vectors of bad fit the chi-square values for the two populations
were not similar, the standard deviation, however, showed similarity with a
probability of 13%. Since the bad fit repeated vectors were sorted by their large
chi-square values, they should not be used in the comparison between phase I
and phase II. The chi-square values were shown to be actually smaller in the
phase II experiment, which was found to fit this model. This would seem to
indicate that the population in phase II was fitting the model of a cumulative
normal distribution in a least the original five vectors.
The complete data have larger variance in the vectors than phase I.
The variance could show a true representation of the human visual system to
this experimental design. The placement of the samples was different in
phase II than phase I. In phase n, all of the 5 or 6 samples were positioned in
the most sensitive part of the cumulative normal distribution, about the T50,
while in phase I of the 7 samples only 3 or 4 of the samples were in the 10-
90% rejection area. The great variance and noise found in the results of phase
II may have been hidden in phase I due to the more disperse sampling.
Although the population is fitting the model as in phase I as
demonstrated in the repetition of vectors, the majority of the vectors in the
experiment do not. One explanation for this could be the vectors F,G,H and I,
which were not in phase I or the repetition samples, represented over 2/3 of
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the samples. The observers could have had problems determining the
amount of color difference in three dimensions. Wyszecki30 has concluded
that discrimination of color differences which vary in both lightness and
chromaticity are much more difficult to judge than those varying in only
lightness or chromaticity.
Another possible explanation for the unexpected results is the samples
larger color distance from the anchor pair. The population would have more
variance in color centers that were further away from the mid-gray anchor, as
was the case in phase II. The experimental design could also be in question.
Some color difference sample pairs contained edges that were more jagged
than others, creating small differences in the separation. Also, the length of
time that the observers view the anchor pair was not controlled and local
adaptation could have been a factor in the noise. The variance could also be
injected in the results due to the length of the experimental sessions that
were required. The lengthy average 40 minute sessions could have added
noise to the results because of tired observers.
Since there is a high number of large chi-square values occurring in
phase II, the next steps in this project should be to clarify if this is showing the
true variance of a population, a noisy experiment, or a problem with the
model not being the correct one for a three dimensional visual
discrimination experiment. A test experiment should be conducted to see if
the length of the sessions in phase II caused noise in the results. This could
be done by repeating a few vectors from phase n. If the T50 and standard
deviation results from the probit are similar in both phase H and the very
short T-test experiment, then the length of the experiment was not the
problem. On the other hand, if the results are significantly different from
phase II, then the length of the experiment could have been a problem and
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repetition of vectors in phase II with large chi-squares may be in order. If the
length of the experiment was not the cause of the large chi-square values,
then other possible experimental problems should be looked into such as a
sampling problem or variation in the sample edges. If no other experimental
problem can be found, then insights into possible problems in the
fundamental cumulative normal distribution model in a Euclidean color
space must be considered. It is possible that the three dimensions of hue,
lightness and chroma do not add in an Euclidean fashion for color difference
judgements. Wyszecki30 has stated that color discrimination is mediated by a
non-Euclidean combination of achromatic and chromatic visual
mechanisms. Olzark31 has also suggested non-euclidean summation for
color discrimination.
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Conclusion
This research was an extension of an experiment performed by Alman,
Berns, Snyder, and Larsen2^ and intended to provide a large data set for
future analyses in industrial size color difference discrimination. A total of 50
observers were asked to make pass-fail judgements of sample pairs in
comparison to an anchor pair which was near neutral with a CIELAB color
difference of 1.0 unit. Several pairs of various color differences were
evaluated along 119 vector directions originating from 19 color centers
nominally spaced in CIELAB. There was a total of 32,100 visual observations.
The statistical method of probit analysis was used to determine the color
difference along each vector that was perceptually equal to the anchor pair
under a 6100K daylight simulator. Although the same experimental
procedure was followed with different sampling, the results did not fit the
model of a cumulative normal distribution. Further work should be
performed to determine what, if any, experimental problem is the cause of
the large number of vectors with lack of fit, or if there is a problem with the
assumption of Euclidean summation for color discrimination.
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Appendix A. Progam used in the statistical software package SAS for the
principal components analysis.
OPTIONS LINESIZE=80;
DATA TEST;
FILENAME TEST 'MARNH.pc';
INFILE TEST;
INPUT LAB;
PROC PRINCOMP COV OUT=PRIN;
RUN;
PROC PRINT;
VAR PRIN1 PRIN2;
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Appendix B. Progam used in the statistical software package SAS for the
probit analysis.
OPTIONS NODATE LINESIZE=80 PAGESIZE=66;
DATA COLPROB;
FILENAME COLPROB 'test.pb';
INFILE COLPROB;
INPUT DELTAE TOTALOBS OBSFAIL;
PROC PROBIT;
VAR DELTAE TOTALOBS OBSFAIL;
RUN;
PROC PRINT;
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Appendix C. An example of SAS output for probit analysis of the green F
vector.
SAS
PROBIT ANALYSIS ON DELTAE
ITERATION INTERCEPT SLOPE MO SIGMA
0
1
2
3
1.93742788
2.19294084
2.18518327
2.18517704
2,
2,
2.
2
.41278260
.19486156
.20127510
.20128020
1.
1.
1,
1,
.26931126
.27892311
.27872101
.27872088
0.
0.
0,
0,
.41445922
.45560960
.45428216
.45428110
COVARIANCE MATRIX
INTERCEPT SLOPE
INTERCEPT
SLOPE
0.21137819
-0.15002137
-0.15002137
0.11026533
COVARIANCE MATRIX
MU SIGMA
MU
SIGMA
0.00165202
-0.00084589
-0.00084589
0.00469610
CHI-SQ = 6.1870 WITH 3 DF PROB > CHI-SQ = 0.102 9
NOTE: SINCE THE CHI-SQUARE IS SMALL (P > 0.10), FIDUCIAL
LIMITS WILL BE COMPUTED USING A T VALUE OF 1.96 .
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Appendix C. (con't)
]
PROBIT
10 +
8 +
7 +
6 +
5 +
4 +
3 +
2 +. .
1 +
0 +
SAS
PROBIT ANALYSIS ON DELTAE
.X X
LDOl LD10 LD25 LD50 LD75 LD90 LD99
0.222 0.697 0.972 1.279 1.585 1.861 2.336 DELTAE
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Appendix C. (con't)
SAS
PROBABILITY PROBIT ANALYSIS ON DELTAE
1.0 +
0.9
0.8
0.7
0.6
0.5
0.4 +
0.3 +
0.2 +
0.1 +
0.0 +.
X
+ + + + + + +
LDOl LD10 LD25 LD50 LD75 LD90 LD99
0.222 0.697 0.972 1.279 1.585 1.861 2.336 DELTAE
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Appendix C. (con't)
SAS
PROBIT ANALYSIS ON DELTAE
PROBABILITY DELTAE 95 PERCENT FIDUCIAL LIMITS
LOWER UPPER
0.01 0.22190500 -0.26453352 0.49019793
0.02 0.34574156 -0.08971783 0.58678041
0.03 0.42431188 0.02106543 0.64819060
0.04 0.48341728 0.10431719 0.69447326
0.05 0.53149496 0.17197018 0.73218652
0.06 0.57241662 0.22949891 0.76434104
0.07 0.60829690 0.27989279 0.79258181
0.08 0.64042342 0.32497164 0.81791090
0.09 0.66964120 0.36592949 0.84098628
0.10 0.69653622 0.40359400 0.86226444
0.15 0.80788878 0.55905656 0.95084033
0.20 0.89638826 0.68184381 1.02200710
0.25 0.97231293 0.78634656 1.08389963
0.30 1.04049564 0.87920318 1.14047111
0.35 1.10367707 0.96400977 1.19413193
0.40 1.16363008 1.04286846 1.24666526
0.45 1.22163531 1.11701310 1.29964393
0.50 1.27872088 1.18712213 1.35464272
0.55 1.33580646 1.25357896 1.41329371
0.60 1.39381168 1.31681646 1.47717952
0.65 1.45376469 1.37769385 1.54769415
0.70 1.51694613 1.43769149 1.62616392
0.75 1.58512883 1.49890543 1.71437808
0.80 1.66105351 1.56417373 1.81550506
0.85 1.74955299 1.63782941 1.93580339
0.90 1.86090554 1.72830206 2.08936919
0.91 1.88780056 1.74990998 2.12670395
0.92 1.91701834 1.77330297 2.16734418
0.93 1.94914486 1.79893963 2.21211547
0.94 1.98502515 1.82748035 2.26220941
0.95 2.02594680 1.85993022 2.31944276
0.96 2.07402448 1.89793848 2.38680077
0.97 2.13312988 1.94452241 2.46975125
0.98 2.21170021 2.00625299 2.58021412
0.99 2.33553676 2.10320948 2.75465581
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SAS
OBS DELTAE TOTALOBS OBSFAIL
1 0.96 50 14
2 1.24 50 23
3 1.43 50 32
4 1.52 50 29
5 1.79 50 47
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Appendix D. An example of SAS output for principal components analysis of
the green F vector.
SAS 16:23 SATURDAY, OCTOBER 15, 1988 1
PRINCIPAL COMPONENT ANALYSIS
11 OBSERVATIONS
3 VARIABLES
SIMPLE STATISTICS
L A B
MEAN 55.5527 -28.4100 2.13545
ST DEV 0.6039 0.7633 0.53562
COVARIANCES
L 0.3646618 0.45581 0.3226236
A 0.45581 0.58256 0.406
B 0.3226236 0.406 0.2868873
TOTAL VARIANCE=1.23410 9
EIGENVALUE DIFFERENCE PROPORTION CUMULATIVE
PRIN1 1.22801 1.22251 0.995054 0.99505
PRIN2 0.00550 0.00490 0.004457 0.99951
PRIN3 0.00060 0.000489 1.00000
EIGENVECTORS
PRIN1 PRIN2 PRIN3
L 0,.543112 0.640886 -.542489
A 0..687112 -.710570 -.151553
B 0..482605 0.290440 0.826279
71
Appendix D. (con't)
OBS
SAS 16:23 SATURDAY, OCTOBER 15, 19E
PRIN1 PRIN2
1 -0 .7891 -0,.07255
2 0..1631 0,.03876
3 0,.3708 0,.01530
4 -0,.8612 -0,.01791
5 -0,.7629 0..01646
6 0,.6662 0.,13672
7 -1,.7957 -0,,02420
8 -0,.2813 -0.,07560
9 2,.4391 -0,,11882
0 0,.6609 0.,09037
1 0.,1902 0,,01144
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Appendix E A summary of the results from the principal component analysis
for each vector.
BLUE /GREEN A VECTOR
MEANL*a*b*: 68.91 -30.79 -5.02
EIGENVALUE 1ST COMPONENT: 0.98360
EIGENVECTORS 1ST COMPONENT: 0.99548 -0.09281 -0.02011
COLOR CENTER L* a* b* on vector: 68.77 -30.78 -5.01
BLUE /GREEN B VECTOR
MEANL*a*b*: 68.58 -30.96 -5.17
EIGENVALUE 1ST COMPONENT: 0.99824
EIGENVECTORS 1ST COMPONENT: 0.02017 0.99890 -0.04227
COLOR CENTER L* a* b* on vector: 68.59 -30.89 -5.18
BLUE /GREEN C VECTOR
MEANL*a*b*: 68.39 -30.78 -4.86
EIGENVALUE 1ST COMPONENT: 0.99435
EIGENVECTORS 1ST COMPONENT: -0.04952 0.46492 0.88397
COLORCENTER L* a* b* on vector: 68.40 -30.89 -5.07
BLUE /GREEN F VECTOR
MEANL*a*b*: 68.34 -30.74 -5.32
EIGENVALUE 1ST COMPONENT: 0.99541
EIGENVECTORS 1ST COMPONENT: 0.54766 0.67852 0.48958
COLOR CENTER L* a* b* on vector: 68.42 -30.65 -5.26
BLUE /GREEN G VECTOR
MEANL*a*b*: 68.88 -30.66 -4.98
EIGENVALUE 1ST COMPONENT: 0.98810
EIGENVECTORS 1ST COMPONENT: 0.61390 -0.45116 0.64775
COLOR CENTER L* a* b* on vector: 69.00 -30.75 -4.85
BLUE /GREEN H VECTOR
MEANL*a*b*: 68.46 -30.20 -4.69
EIGENVALUE 1ST COMPONENT: 0.99571
EIGENVECTORS 1ST COMPONENT: -0.49113 0.74832 0.44587
COLOR CENTER L* a* b* on vector: 68.70 -30.57 -4.91
BLUE /GREEN I VECTOR
MEANL*a*b*: 69.03 -30.60 -5.00
EIGENVALUE 1ST COMPONENT: 0.98721
EIGENVECTORS 1ST COMPONENT: 0.54439 0.31490 -0.77749
COLOR CENTER L* a* b* on vector: 68.96 -30.64 -4.91
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LT. BLUE A VECTOR
MEANL*a*b*: 60.03 -13.70 -25.84
EIGENVALUE 1ST COMPONENT: 0.97158
EIGENVECTORS 1ST COMPONENT: 0.99041 0.12836 -0.05100
COLOR CENTER L* a* b* on vector: 59.95 -13.71 -25.84
LT. BLUE B VECTOR
MEANL*a*b*: 59.28 -13.74 -26.97
EIGENVALUE 1ST COMPONENT: 0.99484
EIGENVECTORS 1ST COMPONENT: -0.15225 0.96862 0.19646
COLORCENTER L* a* b* on vector: 59.29 -13.79 -26.98
LT. BLUE C VECTOR
MEANL*a*b*: 60.04 -13.17 -25.87
EIGENVALUE 1ST COMPONENT: 0.98510
EIGENVECTORS 1ST COMPONENT: -0.17039 0.24349 0.95482
COLOR CENTER L* a* b* on vector: 59.99 -13.09 -25.57
LT. BLUE F VECTOR
MEANL*a*b*: 59.32 -13.77 -25.96
EIGENVALUE 1ST COMPONENT: 0.97522
EIGENVECTORS 1ST COMPONENT: 0.58859 0.68748 0.42538
COLOR CENTER L* a* b* on vector: 59.51 -13.54 -25.82
LT. BLUE G VECTOR
MEANL*a*b*: 59.87 -13.25 -26.19
EIGENVALUE 1ST COMPONENT: 0.99133
EIGENVECTORS 1ST COMPONENT: 0.49036 -0.47794 0.72878
COLOR CENTER L* a* b* on vector: 60.21 -13.58 -25.67
LT. BLUE H VECTOR
MEANL*a*b*: 60.14 -12.89 -25.30
EIGENVALUE 1ST COMPONENT: 0.97384
EIGENVECTORS 1ST COMPONENT: -0.67191 0.59165 0.44552
COLOR CENTER L* a* b* on vector: 60.54 -13.24 -25.56
LT. BLUE I VECTOR
MEANL*a*b*: 59.92 -13.39 -25.81
EIGENVALUE 1ST COMPONENT: 0.98976
EIGENVECTORS 1ST COMPONENT: 0.51305 0.49493 -0.70130
COLOR CENTER L* a* b* on vector: 59.84 -13.47 -25.70
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PINK A VECTOR
MEANL*a*b*: 58.73 31.06 -0.08
EIGENVALUE 1ST COMPONENT: 0.99507
EIGENVECTORS 1ST COMPONENT: 0.96539 0.02000 0 26005
COLOR CENTER L* a* b* on vector: 58.42 31.06 -0.16
PINKB VECTOR
MEANL*a*b*: 58.13 31.60 -0.39
EIGENVALUE 1ST COMPONENT: 0.99732
EIGENVECTORS 1ST COMPONENT: -0.00815 0.99901 0 04376
COLOR CENTER L* a* b* on vector: 58.13 31.59 -0.39
PINKC VECTOR
MEANL*a*b*: 58.02 31.77 0.02
EIGENVALUE 1ST COMPONENT: 0.99137
EIGENVECTORS 1ST COMPONENT: -0.17783 0.29330 0.93933
COLOR CENTER L* a* b* on vector: 58.06 31.69 -0.22
PINKF VECTOR
MEANL*a*b*: 57.95 31.09 -0.59
EIGENVALUE 1ST COMPONENT: 0.99241
EIGENVECTORS 1ST COMPONENT: 0.53493 0.62750 0.56576
COLORCENTER L* a* b* on vector: 58.18 31.35 -0.35
PINKG VECTOR
MEANL*a*b*: 57.69 31.93 0.38
EIGENVALUE 1ST COMPONENT: 0.98227
EIGENVECTORS 1ST COMPONENT: 0.67076 -0.43536 0.60044
COLOR CENTER L* a* b* on vector: 57.58 32.00 0.28
PHNKH VECTOR
MEANL*a*b*: 58.11 31.63 -0.20
EIGENVALUE 1ST COMPONENT: 0.98625
EIGENVECTORS 1ST COMPONENT: -0.70042 0.55475 0.44908
COLOR CENTER L* a* b* on vector: 58.14 31.60 -0.23
PINK I VECTOR
MEANL*a*b*: 58.34 31.34 -0.27
EIGENVALUE 1ST COMPONENT: 0.95613
EIGENVECTORS 1ST COMPONENT: 0.71718 0.51240 -0.47234
COLOR CENTER L* a* b* on vector: 58.25 31.27 -0.21
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WHITE A VECTOR
MEANL*a*b*: 83.45 0.05 0.14
EIGENVALUE 1ST COMPONENT: 0.99528
EIGENVECTORS 1ST COMPONENT: 0.98484 -0.15619 0 07542
COLOR CENTER L* a* b* on vector: 83.38 0.06 0.13
WHITE B VECTOR
MEANL*a*b*: 84.65 0.38 0.70
EIGENVALUE 1ST COMPONENT: 0.98607
EIGENVECTORS 1ST COMPONENT: -0.03370 0.99760 -0.06047
COLOR CENTER L* a* b* on vector: 84.67 -0.04 0.72
WHITE C VECTOR
MEANL*a*b*: 82.72 1.20 0.73
EIGENVALUE 1ST COMPONENT: 0.98094
EIGENVECTORS 1ST COMPONENT: 0.30312 -0.47471 0.82630
COLOR CENTER L* a* b* on vector: 82.69 1.24 0.66
WHITE F VECTOR
MEANL*a*b*: 84.02 -0.20 -0.12
EIGENVALUE 1ST COMPONENT: 0.97006
EIGENVECTORS 1ST COMPONENT: 0.55737 0.62889 0.54207
COLOR CENTER L* a* b* on vector: 83.89 -0.35 -0.24
WHITE G VECTOR
MEANL*a*b*: 83.89 1.06 -0.03
EIGENVALUE 1ST COMPONENT: 0.99477
EIGENVECTORS 1ST COMPONENT: 0.52384 -0.63122 0.57197
COLOR CENTER L* a* b* on vector: 83.92 1.02 0.00
WHITE H VECTOR
MEANL*a*b*: 83.32 1.15 0.23
EIGENVALUE 1ST COMPONENT: 0.99783
EIGENVECTORS 1ST COMPONENT: -0.49132 0.80637 0.32921
COLOR CENTER L* a* b* on vector: 83.43 0.96 0.16
WHITE I VECTOR
MEANL*a*b*: 82.45 -0.73 0.04
EIGENVALUE 1ST COMPONENT: 0.99687
EIGENVECTORS 1ST COMPONENT: 0.86550 0.07930 -0.49459
COLOR CENTER L* a* b* on vector: 82.39 -0.74 0.07
76
Appendix E - (con't)
YELLOW/ORANGE A VECTOR
MEANL*a*b*: 75.86 17.99 79.70
EIGENVALUE 1ST COMPONENT: 0.94581
EIGENVECTORS 1ST COMPONENT: 0.96856 0.24489 -0.04383
COLOR CENTER L* a* b* on vector: 75.90 18.00 79.70
YELLOW/ORANGE B VECTOR
MEANL*a*b*: 76.12 18.07 79.98
EIGENVALUE 1ST COMPONENT: 0.97320
EIGENVECTORS 1ST COMPONENT: -0.06939 0.99652 -0.04613
COLOR CENTER L* a* b* on vector: 76.11 18.21 79.98
YELLOW/ORANGE C VECTOR
MEANL*a*b*: 76.19 18.09 79.93
EIGENVALUE 1ST COMPONENT: 0.99647
EIGENVECTORS 1ST COMPONENT: 0.01222 -0.04490 0.99892
COLOR CENTER L* a* b* on vector: 76.19 18.09 79.85
YELLOW/ORANGE F VECTOR
MEANL*a*b*: 76.21 18.33 80.05
EIGENVALUE 1ST COMPONENT: 0.99015
EIGENVECTORS 1ST COMPONENT: 0.42846 0.76270 0.48447
COLOR CENTER L* a* b* on vector: 76.17 18.26 80.01
YELLOW/ORANGE G VECTOR
MEANL*a*b*: 75.80 18.57 79.47
EIGENVALUE 1ST COMPONENT: 0.97161
EIGENVECTORS 1ST COMPONENT: 0.57875 -0.43740 0.68828
COLOR CENTER L* a* b* on vector: 76.10 18.35 79.81
YELLOW/ORANGE H VECTOR
MEANL*a*b*: 76.07 18.23 79.87
EIGENVALUE 1ST COMPONENT: 0.98756
EIGENVECTORS 1ST COMPONENT: -0.59248 0.53244 0.60455
COLOR CENTER L* a* b* on vector: 75.84 18.44 80.11
YELLOW/ORANGE I VECTOR
MEANL*a*b*: 76.06 18.16 79.94
EIGENVALUE 1ST COMPONENT: 0.97530
EIGENVECTORS 1ST COMPONENT: 0.37071 0.72802 -0.57668
COLOR CENTER L* a*
b* on vector: 76.09 18.23 79.89
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BLACK A VECTOR
MEANL*a*b*: 14.89 -0.60 0.40
EIGENVALUE 1ST COMPONENT: 0.99024
EIGENVECTORS 1ST COMPONENT: 0.99829 0.05463 -0.02066
COLOR CENTER L* a* b* on vector: 14.55 -0.62 0.40
BLACK B VECTOR
MEANL*a*b*: 14.00 -0.41 0.53
EIGENVALUE 1ST COMPONENT: 0.97213
EIGENVECTORS 1ST COMPONENT: 0.25164 0.95387 -0.16374
COLOR CENTER L* a* b* on vector: 14.07 -0.14 0.48
BLACK C VECTOR
MEANL*a*b*: 13.66 0.06 0.15
EIGENVALUE 1ST COMPONENT: 0.98284
EIGENVECTORS 1ST COMPONENT: 0.35334 -0.31490 0.88090
COLOR CENTER L* a* b* on vector: 13.89 -0.16 0.74
BLACK F VECTOR
MEANL*a*b*: 14.12 -0.44 0.57
EIGENVALUE 1ST COMPONENT: 0.99388
EIGENVECTORS 1ST COMPONENT: 0.83032 0.41748 0.36915
COLOR CENTER L* a* b* on vector: 14.00 -0.50 0.52
BLACK G VECTOR
MEANL*a*b*: 14.58 -0.63 0.62
EIGENVALUE 1ST COMPONENT: 0.98865
EIGENVECTORS 1ST COMPONENT: 0.53140 -0.59872 0.59930
COLOR CENTER L* a* b* on vector: 14.42 -0.45 0.44
BLACK H VECTOR
MEANL*a*b*: 14.34 -0.34 0.08
EIGENVALUE 1ST COMPONENT: 0.96710
EIGENVECTORS 1ST COMPONENT: -0.69807 0.55847 0.44813
COLOR CENTER L* a* b* on vector: 14.34 -0.34 0.08
BLACK I VECTOR
MEANL*a*b*: 14.07 -0.39 0.01
EIGENVALUE 1ST COMPONENT: 0.98348
EIGENVECTORS 1ST COMPONENT: 0.49236 0.77988 -0.38648
COLOR CENTER L* a* b* on vector: 13.71 -0.96 0.29
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BROWN A VECTOR
MEANL*a*b*: 28.95 21.19 17.64
EIGENVALUE 1ST COMPONENT: 0.98882
EIGENVECTORS 1ST COMPONENT: 0.99382 0.02450 0.10827
COLOR CENTER L* a* b* on vector: 28.89 21.19 17.64
BROWN B VECTOR
MEANL*a*b*: 28.84 21.05 17.67
EIGENVALUE 1ST COMPONENT: 0.98484
EIGENVECTORS 1ST COMPONENT: 0.02469 0.99575 0.08877
COLOR CENTER L* a* b* on vector: 28.84 20.83 17.65
BROWN C VECTOR
MEANL*a*b*: 28.92 21.09 17.94
EIGENVALUE 1ST COMPONENT: 0.97281
EIGENVECTORS 1ST COMPONENT: 0.02250 -0.06741 0.99747
COLOR CENTER L* a* b* on vector: 28.92 21.10 17.80
BROWN F VECTOR
MEANL*a*b*: 28.67 21.06 17.61
EIGENVALUE 1ST COMPONENT: 0.99022
EIGENVECTORS 1ST COMPONENT: 0.59227 0.52598 0.61039
COLOR CENTER L* a* b* on vector: 28.73 21.12 17.68
BROWN G VECTOR
MEANL*a*b*: 29.33 21.10 18.12
EIGENVALUE 1ST COMPONENT: 0.99201
EIGENVECTORS 1ST COMPONENT: 0.57975 -0.60091 0.55027
COLOR CENTER L* a* b* on vector: 29.17 21.25 17.98
BROWN H VECTOR
MEANL*a*b*: 29.02 21.27 17.88
EIGENVALUE 1ST COMPONENT: 0.98590
EIGENVECTORS 1ST COMPONENT: -0.65863 0.56437 0.49769
COLOR CENTER L* a* b* on vector: 29.01 21.28 17.89
BROWN I VECTOR
MEANL*a*b*: 28.72 21.10 17.97
EIGENVALUE 1ST COMPONENT: 0.98380
EIGENVECTORS 1ST COMPONENT: 0.62468 0.65871 -0.41937
COLOR CENTER L* a* b* on vector: 28.69 21.08 17.99
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GREEN /BLUE A VECTOR
MEANL*a*b*: 31.97 -33.30 -5.07
EIGENVALUE 1ST COMPONENT: 0.97398
EIGENVECTORS 1ST COMPONENT: 0.94613 0.32322 0.01904
COLOR CENTER L* a* b* on vector: 32.26 -33.20 -5.07
GREEN/BLUE B VECTOR
MEANL*a*b*: 31.59 -33.45 -4.95
EIGENVALUE 1ST COMPONENT: 0.99744
EIGENVECTORS 1ST COMPONENT: -0.05260 0.99226 -0.11246
COLOR CENTER L* a* b* on vector: 31.59 -33.43 -4.95
GREEN/BLUE C VECTOR
MEANL*a*b*: 31.60 -33.43 -4.88
EIGENVALUE 1ST COMPONENT: 0.98833
EIGENVECTORS 1ST COMPONENT: 0.00364 0.45228 0.89187
COLOR CENTER L* a* b* on vector: 31.60 -33.50 -5.02
GREEN/BLUE F VECTOR
MEANL*a*b*: 31.47 -33.74 -5.19
EIGENVALUE 1ST COMPONENT: 0.99672
EIGENVECTORS 1ST COMPONENT: 0.33578 0.89057 0.30681
COLOR CENTER L* a* b* on vector: 31.54 -33.57 -5.13
GREEN/BLUE G VECTOR
MEANL*a*b*: 31.39 -34.06 -4.93
EIGENVALUE 1ST COMPONENT: 0.97875
EIGENVECTORS 1ST COMPONENT: 0.60043 -0.40316 0.69061
COLOR CENTER L* a* b* on vector: 31.31 -34.00 -5.02
GREEN/BLUE H VECTOR
MEANL*a*b*: 31.07 -33.63 -4.67
EIGENVALUE 1ST COMPONENT: 0.97809
EIGENVECTORS 1ST COMPONENT: -0.51894 0.78062 0.34834
COLOR CENTER L* a* b* on vector: 31.39 -34.11 -4.88
GREEN/BLUE I VECTOR
MEANL*a*b*: 31.85 -34.06 -4.94
EIGENVALUE 1ST COMPONENT: 0.99109
EIGENVECTORS 1ST COMPONENT: 0.48904 0.66673 -0.56242
COLOR CENTER L* a* b* on vector: 31.80 -34.13 -4.88
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MAROON A VECTOR
MEANL*a*b*: 18.25 25.93 3.26
EIGENVALUE 1ST COMPONENT: 0.98993
EIGENVECTORS 1ST COMPONENT: 0.98276 0.16734 -0.07863
COLOR CENTER L* a* b* on vector: 18.24 25.93 3.26
MAROON B VECTOR
MEANL*a*b*: 17.30 25.12 3.29
EIGENVALUE 1ST COMPONENT: 0.99181
EIGENVECTORS 1ST COMPONENT: -0.51301 0.85736 0.04184
COLOR CENTER L* a* b* on vector: 17.33 25.07 3.29
MAROON C VECTOR
MEANL*a*b*: 16.91 24.97 3.11
EIGENVALUE 1ST COMPONENT: 0.98430
EIGENVECTORS 1ST COMPONENT: 0.10855 0.08388 0.99055
COLOR CENTER L* a* b* on vector: 16.99 25.03 3.83
MAROON F VECTOR
MEANL*a*b*: 18.02 25.92 3.49
EIGENVALUE 1ST COMPONENT: 0.98903
EIGENVECTORS 1ST COMPONENT: 0.61499 0.58886 0.52443
COLOR CENTER L* a* b* on vector: 18.13 26.02 3.59
MAROON G VECTOR
MEANL*a*b*: 17.88 25.92 3.17
EIGENVALUE 1ST COMPONENT: 0.98716
EIGENVECTORS 1ST COMPONENT: 0.69222 -0.46423 0.55256
COLOR CENTER L* a* b* on vector: 18.10 25.77 3.35
MAROON H VECTOR
MEANL*a*b*: 16.22 24.79 3.54
EIGENVALUE 1ST COMPONENT: 0.99587
EIGENVECTORS 1ST COMPONENT: 0.01583 0.78576 0.61833
COLOR CENTER L* a* b* on vector: 16.21 24.30 3.16
MARCONI VECTOR
MEANL*a*b*: 16.50 24.55 3.38
EIGENVALUE 1ST COMPONENT: 0.98692
EIGENVECTORS 1ST COMPONENT: 0.44772 0.60146 -0.66166
COLORCENTER L* a* b* on vector: 16.50 24.54 3.38
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VIOLET A VECTOR
MEANL*a*b*: 29.96 6.62 -30.85
EIGENVALUE 1ST COMPONENT: 0.99552
EIGENVECTORS 1ST COMPONENT: 0.99746-0.00890 0 07073
COLOR CENTER L* a* b* on vector: 30.13 6.62 -30.84
VIOLET B VECTOR
MEANL*a*b*: 30.39 7.44 -31.71
EIGENVALUE 1ST COMPONENT: 0.99520
EIGENVECTORS 1ST COMPONENT: -0.06117 0.97362 -0.21981
COLOR CENTER L* a* b* on vector: 30.40 7.23 -31.66
VIOLET C VECTOR
MEANL*a*b*: 30.14 6.60 -30.78
EIGENVALUE 1ST COMPONENT: 0.96414
EIGENVECTORS 1ST COMPONENT: -0.11419 0.25384 0.96048
COLOR CENTER L* a* b* on vector: 30.13 6.61 -30.75
VIOLET F VECTOR
MEANL*a*b*: 30.14 6.65 -31.67
EIGENVALUE 1ST COMPONENT: 0.98550
EIGENVECTORS 1ST COMPONENT: 0.39766 0.84813 0.35005
COLOR CENTER L* a* b* on vector: 30.24 6.87 -31.58
VIOLET G VECTOR
MEANL*a*b*: 30.29 6.96 -31.46
EIGENVALUE 1ST COMPONENT: 0.99478
EIGENVECTORS 1ST COMPONENT: 0.57843 -0.53188 0.61848
COLOR CENTER L* a* b* on vector: 30.38 6.88 -31.37
VIOLET H VECTOR
MEANL*a*b*: 29.83 6.92 -30.79
EIGENVALUE 1ST COMPONENT: 0.98539
EIGENVECTORS 1ST COMPONENT: -0.59752 0.78981 0.13847
COLOR CENTER L* a* b* on vector: 29.93 6.79 -30.81
VIOLET I VECTOR
MEANL*a*b*: 30.22 6.92 -31.15
EIGENVALUE 1ST COMPONENT: 0.98960
EIGENVECTORS 1ST COMPONENT: 0.56474 0.57710 -0.58994
COLOR CENTER L* a* b* on vector: 30.09 6.78 -31.01
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BLUEF VECTOR
MEANL*a*b*: 34.85 -0.99 -28.00
EIGENVALUE 1ST COMPONENT: 0.96969
EIGENVECTORS 1ST COMPONENT: 0.29804 0.79189 0.53298
COLOR CENTER L* a* b* on vector: 34.72 -1.35 -28.24
BLUEG VECTOR
MEANL*a*b*: 36.03 -1.62 -28.46
EIGENVALUE 1ST COMPONENT: 0.98871
EIGENVECTORS 1ST COMPONENT: 0.68314 -0.45006 0.57512
COLOR CENTER L* a* b* on vector: 36.22 -1.74 -28.30
BLUE H VECTOR
MEANL*a*b*: 34.72 -1.19 -27.95
EIGENVALUE 1ST COMPONENT: 0.99012
EIGENVECTORS 1ST COMPONENT: -0.59505 0.62861 0.50076
COLOR CENTER L* a* b* on vector: 34.77 -1.24 -27.99
BLUE I VECTOR
MEANL*a*b*: 33.24 -1.00 -28.18
EIGENVALUE 1ST COMPONENT: 0.99607
EIGENVECTORS 1ST COMPONENT: 0.43330 0.65352 -0.62061
COLOR CENTER L* a* b* on vector: 33.18 -1.09 -28.10
CYANF VECTOR
MEANL*a*b*: 49.74 -17.04 -11.60
EIGENVALUE 1ST COMPONENT: 0.99405
EIGENVECTORS 1ST COMPONENT: 0.46566 0.75234 0.46599
COLOR CENTER L* a* b* on vector: 49.96 -16.69 -11.38
CYANG VECTOR
MEANL*a*b*: 49.80 -16.50 -11.45
EIGENVALUE 1ST COMPONENT: 0.99227
EIGENVECTORS 1ST COMPONENT: 0.66431 -0.40088 0.63086
COLOR CENTER L* a* b* on vector: 49.89 -16.55 -11.36
CYANH VECTOR
MEANL*a*b*: 49.93 -16.54 -11.27
EIGENVALUE 1ST COMPONENT: 0.99853
EIGENVECTORS 1ST COMPONENT: -0.60462 0.67252 0.42679
COLOR CENTER L* a* b* on vector: 49.83 -16.43 -11.20
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CYAN I VECTOR
MEANL*a*b*: 49.49 -16.54 -11.66
EIGENVALUE 1ST COMPONENT: 0.99886
EIGENVECTORS 1ST COMPONENT: 0.80070 0.41304 -0.43391
COLOR CENTER L* a* b* on vector: 48.99 -16.80 -11.39
GREEN F VECTOR
MEANL*a*b*: 55.55 -28.41 2.14
EIGENVALUE 1ST COMPONENT: 0.99505
EIGENVECTORS 1ST COMPONENT: 0.54311 0.68711 0.48261
COLOR CENTER L* a* b* on vector: 55.66 -28.28 2.23
GREEN G VECTOR
MEANL*a*b*: 55.69 -28.28 2.39
EIGENVALUE 1ST COMPONENT: 0.99496
EIGENVECTORS 1ST COMPONENT: 0.61491 -0.47352 0.63060
COLOR CENTER L* a* b* on vector: 55.60 -28.21 2.29
GREEN H VECTOR
MEANL*a*b*: 55.45 -28.10 2.22
EIGENVALUE 1ST COMPONENT: 0.99224
EIGENVECTORS 1ST COMPONENT: -0.58483 0.71164 0.38929
COLOR CENTER L* a* b* on vector: 55.44 -28.09 2.22
GREEN I VECTOR
MEANL*a*b*: 55.37 -28.32 2.44
EIGENVALUE 1ST COMPONENT: 0.99271
EIGENVECTORS 1ST COMPONENT: 0.57471 0.59499 -0.56188
COLOR CENTER L* a* b* on vector: 55.53 -28.15 2.28
GRAYF VECTOR
MEANL*a*b*: 58.90 -0.58 0.74
EIGENVALUE 1ST COMPONENT: 0.99463
EIGENVECTORS 1ST COMPONENT: 0.73264 0.41683 0.53804
COLOR CENTER L* a* b* on vector: 58.99 -0.53 0.81
GRAYG VECTOR
MEANL*a*b*: 59.23 -0.54 1.02
EIGENVALUE 1ST COMPONENT: 0.99636
EIGENVECTORS 1ST COMPONENT: 0.68247 -0.42971 0.59126
COLOR CENTER L* a* b* on vector: 59.09 -0.45 0.90
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GRAYH VECTOR
MEANL*a*b*: 58.68 -0.54 0.85
EIGENVALUE 1ST COMPONENT: 0.97281
EIGENVECTORS 1ST COMPONENT: -0.61628 0.45149 0.64526
COLOR CENTER L* a* b* on vector: 58.62 -0.49 0.91
GRAY I VECTOR
MEANL*a*b*: 59.05 -0.42 0.58
EIGENVALUE 1ST COMPONENT: 0.98961
EIGENVECTORS 1ST COMPONENT: 0.67106 0.41358 -0.61533
COLOR CENTER L* a* b* on vector: 58.85 -0.54 0.76
ORANGE F VECTOR
MEANL*a*b*: 62.70 12.42 19.71
EIGENVALUE 1ST COMPONENT: 0.99661
EIGENVECTORS 1ST COMPONENT: 0.52788 0.59452 0.60654
COLOR CENTER L* a* b* on vector: 63.03 12.80 20.09
ORANGE G VECTOR
MEANL*a*b*: 60.15 13.93 21.01
EIGENVALUE 1ST COMPONENT: 0.99470
EIGENVECTORS 1ST COMPONENT: 0.72283 -0.56252 0.40136
COLOR CENTER L* a* b* on vector: 60.50 13.66 21.20
ORANGE H VECTOR
MEANL*a*b*: 61.12 13.31 20.91
EIGENVALUE 1ST COMPONENT: 0.99484
EIGENVECTORS 1ST COMPONENT: -0.68124 0.55111 0.48186
COLOR CENTER L* a* b* on vector: 61.26 13.20 20.82
ORANGE I VECTOR
MEANL*a*b*: 63.13 12.52 19.07
EIGENVALUE 1ST COMPONENT: 0.98782
EIGENVECTORS 1ST COMPONENT: 0.61750 0.55291 -0.55945
COLOR CENTER L* a* b* on vector: 63.06 12.46 19.13
PURPLE F VECTOR
MEANL*a*b*: 46.34 11.47 -12.78
EIGENVALUE 1ST COMPONENT: 0.92636
EIGENVECTORS 1ST COMPONENT: 0.49487 0.72509 0.47890
COLOR CENTER L* a*
b* on vector: 46.37 11.52 -12.74
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PURPLE G VECTOR
MEANL*a*b*: 46.59 11.36 -12.55
EIGENVALUE 1ST COMPONENT: 0.98393
EIGENVECTORS 1ST COMPONENT: 0.53237 -0 54293 0 64946
COLORCENTER L* a* b* on vector: 46.50 11.45 -12.65
PURPLE H VECTOR
MEANL*a*b*: 45.96 11.74 -12.62
EIGENVALUE 1ST COMPONENT: 0.99714
EIGENVECTORS 1ST COMPONENT: -0.58110 0.70471 0.40707
COLOR CENTER L* a* b* on vector: 46.11 11.55 -12.72
PURPLE I VECTOR
MEANL*a*b*: 46.30 11.52 -12.81
EIGENVALUE 1ST COMPONENT: 0.99092
EIGENVECTORS 1ST COMPONENT: 0.69260 0.50406 -0.51598
COLOR CENTER L* a* b* on vector: 46.18 11.43 -12.72
REDF VECTOR
MEANL*a*b*: 43.14 35.52 22.30
EIGENVALUE 1ST COMPONENT: 0.99020
EIGENVECTORS 1ST COMPONENT: 0.55049 0.57325 0.60691
COLOR CENTER L* a* b* on vector: 43.11 35.49 22.27
REDG VECTOR
MEANL*a*b*: 43.99 34.57 23.34
EIGENVALUE 1ST COMPONENT: 0.98740
EIGENVECTORS 1ST COMPONENT: 0.48075 -0.57378 0.66307
COLOR CENTER L* a* b* on vector: 43.99 34.57 23.34
REDH VECTOR
MEANL*a*b*: 43.27 35.37 22.17
EIGENVALUE 1ST COMPONENT: 0.99568
EIGENVECTORS 1ST COMPONENT: -0.51281 0.58612 0.62729
COLOR CENTER L* a* b* on vector: 43.35 35.28 22.09
RED I VECTOR
MEANL*a*b*: 43.00 35.20 23.44
EIGENVALUE 1ST COMPONENT: 0.97667
EIGENVECTORS 1ST COMPONENT: -0.45574 -0.32966 0.82682
COLOR CENTER L* a* b* on vector: 42.93 35.16 23.56
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YELLOW F VECTOR
MEANL*a*b*: 78.03 1.79 36.47
EIGENVALUE 1ST COMPONENT: 0.99710
EIGENVECTORS 1ST COMPONENT: 0.53197 0.59327 0.60418
COLOR CENTER L* a* b* on vector: 77.87 1.62 36.29
YELLOW G VECTOR
MEANL*a*b*: 77.81 2.00 36.29
EIGENVALUE 1ST COMPONENT: 0.98911
EIGENVECTORS 1ST COMPONENT: 0.60572 -0.44117 0.66217
COLOR CENTER L* a* b* on vector: 77.82 1.99 36.30
YELLOW H VECTOR
MEANL*a*b*: 77.53 2.29 36.33
EIGENVALUE 1ST COMPONENT: 0.98271
EIGENVECTORS 1ST COMPONENT: -0.55854 0.65891 0.50384
COLOR CENTER L* a* b* on vector: 77.74 2.04 36.14
YELLOW I VECTOR
MEANL*a*b*: 77.90 1.68 36.39
EIGENVALUE 1ST COMPONENT: 0.95971
EIGENVECTORS 1ST COMPONENT: 0.56538 0.63809 -0.52267
COLOR CENTER L* a* b* on vector: 77.99 1.78 36.31
YELLOW/GREEN F VECTOR
MEANL*a*b*: 65.36 -10.04 13.56
EIGENVALUE 1ST COMPONENT: 0.98593
EIGENVECTORS 1ST COMPONENT: 0.65416 0.56201 0.50618
COLOR CENTER L* a* b* on vector: 65.19 -10.19 13.42
YELLOW/GREEN G VECTOR
MEANL*a*b*: 65.22 -10.11 13.38
EIGENVALUE 1ST COMPONENT: 0.99736
EIGENVECTORS 1ST COMPONENT: 0.60006 -0.52571 0.60296
COLOR CENTER L* a* b* on vector: 65.21 -10.10 13.36
YELLOW/GREEN H VECTOR
MEANL*a*b*: 65.16 -10.10 13.73
EIGENVALUE 1ST COMPONENT: 0.99116
EIGENVECTORS 1ST COMPONENT: -0.54530 0.61309 0.57163
COLOR CENTER L* a* b* on vector: 65.23 -10.17 13.66
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YELLOW/GREEN I VECTOR
MEANL*a*b*: 65.18 -10.19 13.33
EIGENVALUE 1ST COMPONENT: 0.99122
EIGENVECTORS 1ST COMPONENT: 0.63322 0.50040 -0.59045
COLOR CENTER L* a* b* on vector: 65.16 -10.20 13.34
BLUED VECTOR
MEANL*a*b*: 35.92 -1.57 -28.32
EIGENVALUE 1ST COMPONENT: 0.99530
EIGENVECTORS 1ST COMPONENT: -0.00333 0.69082 0.72302
COLORCENTER L* a* b* on vector: 35.92 -1.62 -28.36
BLUEE VECTOR
MEANL*a*b*: 36.28 -1.77 -28.15
EIGENVALUE 1ST COMPONENT: 0.99796
EIGENVECTORS 1ST COMPONENT: -0.02736 -0.35560 0.93424
COLOR CENTER L* a* b* on vector: 36.29 -1.66 -28.44
CYAN A VECTOR
MEANL*a*b*: 50.86 -16.29 -11.73
EIGENVALUE 1ST COMPONENT: 0.99708
EIGENVECTORS 1ST COMPONENT: 0.99836 0.04591 -0.03429
COLOR CENTER L* a* b* on vector: 50.74 -16.30 -11.73
CYAND VECTOR
MEANL*a*b*: 50.76 -16.42 -11.73
EIGENVALUE 1ST COMPONENT: 0.99319
EIGENVECTORS 1ST COMPONENT: 0.03902 0.80551 0.59130
COLORCENTER L* a* b* on vector: 50.77 -16.28 -11.63
GRAYB VECTOR
MEANL*a*b*: 60.00 -1.18 1.29
EIGENVALUE 1ST COMPONENT: 0.99377
EIGENVECTORS 1ST COMPONENT: -0.09043 0.99497 -0.04319
COLOR CENTER L* a* b* on vector: 59.97 -0.93 1.28
ORANGE C VECTOR
MEANL*a*b*: 63.93 12.24 20.62
EIGENVALUE 1ST COMPONENT: 0.99670
EIGENVECTORS 1ST COMPONENT: 0.05598 0.13690 0.98900
COLOR CENTER L* a*
b* on vector: 63.93 12.25 20.64
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PURPLE C VECTOR
MEANL*a*b*: 46.44 12.61 -13.14
EIGENVALUE 1ST COMPONENT: 0.99754
EIGENVECTORS 1ST COMPONENT: 0.03331 0.07939 0.99629
COLOR CENTER L* a* b* on vector: 46.44 12.61 -13.15
REDC VECTOR
MEANL*a*b*: 41.57 35.84 21.03
EIGENVALUE 1ST COMPONENT: 0.99302
EIGENVECTORS 1ST COMPONENT: -0.02378 0.00831 0.99968
COLOR CENTER L* a* b* on vector: 41.56 35.85 21.71
GREEN A VECTOR
MEANL*a*b*: 55.53 -27.38 2.05
EIGENVALUE 1ST COMPONENT: 0.97886
EIGENVECTORS 1ST COMPONENT: 0.99769 0.06628 0.01484
COLOR CENTER L* a* b* on vector: 55.63 -27.37 2.06
GREEN B VECTOR
MEANL*a*b*: 55.47 -27.14 2.08
EIGENVALUE 1ST COMPONENT: 0.99683
EIGENVECTORS 1ST COMPONENT: 0.02281 0.99775 -0.06299
COLOR CENTER L* a* b* on vector: 55.47 -27.47 2.10
GREEN C VECTOR
MEANL*a*b*: 55.89 -27.37 2.19
EIGENVALUE 1ST COMPONENT: 0.98819
EIGENVECTORS 1ST COMPONENT: -0.01397 0.26161 0.96507
COLOR CENTER L* a* b* on vector: 55.90 -27.43 1.98
GREEN D VECTOR
MEANL*a*b*: 55.65 -27.45 2.08
EIGENVALUE 1ST COMPONENT: 0.99681
EIGENVECTORS 1ST COMPONENT: 0.03284 0.83739 0.54562
COLOR CENTER L* a* b* on vector: 55.64 -27.62 1.97
GREENE VECTOR
MEANL*a*b*: 55.60 -27.17 1.98
EIGENVALUE 1ST COMPONENT: 0.99576
EIGENVECTORS 1ST COMPONENT: 0.06429 -0.67916 0.73117
COLOR CENTER L* a* b* on vector: 55.61 -27.33 2.15
89
